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ABSTRACT
THE GLYCOSYLTRANSFERASE GENE ELT1 (OsUGT90A1) PROTECTS PLASMA
MEMBRANES DURING CHILLING STRESS IN RICE
Yao Shi, B.A., M.A.
Marquette University, 2019

Rice (Oryza sativa L.) has a sub-tropically origin and is sensitive to low-temperature
stress at the young seedling stage. Very few effector genes that code enzymes involved in lowtemperature stress response mechanisms have been identified so far. Here, we report a genomewide association study (GWAS) mapping and a Bi-parental Quantitative Trait Loci (QTL)
mapping using 202 O. sativa accessions from the Rice Mini-Core (RMC) collection, which
uncovered 48 QTL across all 12 rice chromosomes associated with five chilling tolerance indices.
In addition, we characterized qLTSS4-1, a novel strong-effect low-temperature seedling
survivability (LTSS) QTL and its associated gene, Os04g24110, which is annotated to encode the
UDP-glycosyltransferase enzyme UGT90A1. In rice and Arabidopsis, this gene was cold induced
and could significantly reduce electrolyte leakage (EL) to protect cellular membrane integrity
during low-temperature stress. Therefore, we re-named the gene ELECTROLYTE LEAKAGE
TOLERANCE 1 (ELT1). ELT1 functions as a low-temperature stress tolerance gene in both rice
and Arabidopsis by lowering the level of stress-induced reactive oxygen species due to increased
antioxidant enzyme activities. Overexpression of ELT1 in Arabidopsis also improved salt stress
tolerance of transgenic lines by enhancing antioxidant enzyme activities. Haplotype differences in
the promoter of ELT1 leading to significantly higher expression levels in chilling tolerant
JAPONICA than chilling sensitive INDICA accessions rather than differences in protein
sequences were correlated with the chilling tolerant phenotype. Thus, we propose that high level
ELT1 expression is a general responsive mechanism to help maintain cell membrane integrity and
reduce oxidative damage during abiotic stresses.
This study advanced the understanding of responsive mechanism of abiotic stresses in
plants and can be utilized in agricultural applications.

i
ACKNOWLEDGEMENTS

Yao Shi, B.A., M.A.

I am grateful to Marquette University undergraduate student Huy Phan for his excellent
assistance related to phenotyping project of transgenic plants. I am also grateful to another
undergraduate student, AndréBeaumont, for helping with determining LUC activity in transgenic
Arabidopsis plants as part of his “Independent Study” (BIOL4956) project. I would like to thank
Mr. Shimoyama Naoki for his helpful comments and some bioinformatic analysis, Mr. Gupo Li
(Chinese Academy of Sciences) for rice plant management, and undergraduate students of
Marquette University’s “Foundation in Biological Inquiry” (BIOL1101) class who helped
perform some of the Arabidopsis seed germination and CAT assays. I greatly appreciate the help
of Dr. Sheng Cai (Department of Chemistry, Marquette University) who performed the HPLCMS assays, as well as Dr. Liu who helped with homologous screening of transgenic Arabidopsis
plants. I would also like to thank professors in my committee, Dr. Hristova, Dr. Petrella and Dr.
Yang for their helpful suggestions and encouragements through all these years. Importantly, I
would like to gratefully thank my advisor Dr. Michael Schlappi for his tremendous and wonderful
training in the lab, his inspiration, instruction and helpful suggestions in writing, and kindness in
my personal life as a friend.
Last, I greatly appreciate the irreplaceable help and support from all the professors, staffs,
colleagues and my family. It is impossible for me to complete this study without you!

ii
TABLE OF CONTENTS
ACKNOWLEDGEMENTS .............................................................................................................. I
1

INTRODUCTION ................................................................................................................... 1
1.1

Cold stress sensing ................................................................................................. 1
1.1.1

Ca2+ .............................................................................................. 4

1.1.2

MAPK .......................................................................................... 5

1.1.3

CBF/DREB regulon ..................................................................... 5

1.2
Physiological consequences of cold stress and cold tolerance mechanism in
plants 6
1.3

Responses of the plasma membrane to low-temperature stress ........................... 13
1.3.1

Lipid response to low-temperature stress .................................. 13

1.3.2

Protein responses to low-temperature stress .............................. 15

1.4

Reactive oxygen species (ROS) and abiotic stress .............................................. 16

1.5

Oxidative damage on lipids and proteins ............................................................. 21

1.6

1.5.1

Oxidative damage to lipids ........................................................ 21

1.5.2

Oxidative damage to proteins .................................................... 22

Antioxidant activity to mitigate oxidative stress ................................................. 24
1.6.1

Enzymatic antioxidants .............................................................. 24

1.6.2

Non-enzymatic antioxidants ...................................................... 25
1.6.2.1 Role of flavonoids/anthocyanins in cold stress ........... 25
1.6.2.2 Transport of flavonoids/anthocyanins ........................ 26
1.6.2.3 Flavonoids/anthocyanins distributions and their
antioxidant functions ................................................................. 27
1.6.2.4 The significance of flavonoids as antioxidants under
abiotic stress............................................................................... 29
1.6.2.5 Biochemical mechanisms of ROS scavenging by
flavonoids and anthocyanins...................................................... 30

2

1.7

Glycosyltransferases and abiotic stress resistance ............................................... 31

1.8

Quantitative trait loci (QTL) and cold tolerance gene mapping .......................... 33

1.9

Main hypothesis ................................................................................................... 36

1.10

Significance ......................................................................................................... 36

MATERIAL AND METHODS ............................................................................................. 38
2.1

Plant material and growth condition .................................................................... 38
2.1.1

Low Temperature Germinability (LTG) assay .......................... 39

2.1.2

Plumule Growth Rate after Cold Germination (PGCG) assay .. 40

2.1.3

Low Temperature Seedling Survivability (LTSS) assay ........... 40

iii
2.1.4

Plumule Recovery Growth after Cold Exposure (PGC) assay .. 41

2.1.5

Low Temperature Survival (LTS) assay .................................... 42

2.1.6

Electrolyte Leakage (EL) assay ................................................. 45

2.2

GWAS mapping................................................................................................... 45

2.3

Bi-parental mapping ............................................................................................ 46

2.4

Identification of candidate genes related to chilling tolerance QTL .................... 47
2.4.1
qLTSS4-1

Selection of chilling tolerance candidate genes associated with
47

2.4.2
Correlation of InDel variation in LOC_Os04g24110 3’ UTR with
LTSS phenotype .................................................................................................. 49
2.4.3
Functional effect modeling of three SNP in the Os04g24110
coding sequence. .................................................................................................. 49
2.5
Assessments of low-temperature and salt stress tolerance of rice and Arabidopsis
plants 49
2.5.1

Stress treatment .......................................................................... 49

2.5.2

Genomic DNA extraction .......................................................... 52

2.5.3

Total RNA extraction ................................................................ 52

2.5.4

Reverse transcription ................................................................. 53

2.5.5
PCR

Standard PCR, semi-quantitative RT-PCR, and quantitative RT54

2.5.6

Genomic cloning and plant transformation ............................... 55
2.5.6.1 PCR amplification of the Os0424110 promoter and
coding sequence ......................................................................... 55
2.5.6.2 Electrophoresis, gel extraction, and ligation of DNA
fragments into the pGEM-T vector............................................ 56
2.5.6.3 Preparation of competent E. coli cell .......................... 56
2.5.6.4 Heat-shock transformation of competent E. coli cells 57
2.5.6.5 Electroporation transformation of competent BL21 E.
coli cells 57
2.5.6.6 Mini-prep of E. coli plasmid DNA and Sanger
sequencing ................................................................................. 58
2.5.6.7 Subclone ..................................................................... 58
2.5.6.8 Preparation of competent Agrobacterium cell ............ 59
2.5.6.9 Transformation of competent Agrobacterium cell...... 60
2.5.6.10 Agrobacterium-Mediated Transformation of Plants . 60
2.5.6.10.1 Arabidopsis transformation.................................... 60
2.5.6.10.2 Rice transformation................................................ 61

iv
2.6

Functional Investigation of Selected Candidate Genes in Transgenic Plants ...... 62
2.6.1

In vivo imaging of Luciferase activity ....................................... 63

2.6.2

Preparation of rice protoplast..................................................... 63

2.6.3

Rice protoplast transfection ....................................................... 64

2.6.4

Subcellular localization ............................................................. 65

2.6.5

Propidium iodide staining .......................................................... 66

2.6.6

Nitro Blue Tetrazolium (NBT) staining..................................... 66

2.6.7

Total phenolic/anthocyanin extraction....................................... 67

2.6.8

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay............................ 67

2.6.9

Thin Layer Chromatography (TLC) .......................................... 68

2.6.10
High Performance Liquid Chromatography – Mass Spectrometry
(HPLC – MS) 68
2.6.11
2.7

Catalase activity assay ............................................................... 69

In vitro expression of ELT1 protein..................................................................... 69
2.7.1

Induction of ELT1 protein expression ....................................... 70

2.7.2

Validation of protein expression ................................................ 70
2.7.2.1 Protein sample preparation ......................................... 70
2.7.2.2 SDS-PAGE ................................................................. 71
2.7.2.3 Western blot ................................................................ 72
2.7.2.4 Purification of the ELT1 protein ................................. 73

3

RESULTS .............................................................................................................................. 75
3.1

3.2

(Genome-Wide Association Study) GWAS mapping ......................................... 75
3.1.1

Low temperature Germinability (LTG) index and QTL ............ 79

3.1.2
QTL

Plumule Growth Rate after Cold Germination (PGCG) Index and
79

3.1.3

Low Temperature Seedling Survivability (LTSS) Index and QTL
82

3.1.4
QTL

Plumule Recovery Growth after Cold Exposure (PGC) Index and
83

3.1.5

Low Temperature Survival (LTS) Index and QTL .................... 85

Bi-parental mapping ............................................................................................ 86

3.3
Identification of chilling tolerance candidate genes associated with
qPGC8(bi)/qLTSS8(bi) ..................................................................................................... 86
3.4
Identification of Os04g24110 as the best chilling tolerance candidate gene
associated with qLTSS4-1 ................................................................................................. 91
3.5

Correlation of Os04g24110 expression with chilling tolerance phenotypes ..... 101

v

4

3.6
stress

Involvement of Os04g24110 in protecting cell membrane integrity during abiotic
105

3.7

Involvement of ELT1 in abiotic stress tolerance pathways................................ 111

3.8

Subcellular localization of ELT1 and potential protein function ....................... 117

3.9

Purification of ELT1 protein for biochemical characterization ......................... 124

DISCUSSION ...................................................................................................................... 126
4.1
Mapping of chilling tolerance Quantitative Trait Loci (QTL) and genes in plants
and specifically in rice .................................................................................................... 126
4.2

Bi-parental mapping .......................................................................................... 129

4.3
Identification of ELT1 as a chilling tolerance candidate gene associated with
qLTSS4-1......................................................................................................................... 131

5

4.4

Correlation of ELT1 expression with chilling tolerance phenotypes ................. 132

4.5

Involvement of ELT1 in protecting cell membrane integrity during abiotic stress
139

4.6

Involvement of ELT1 in abiotic stress tolerance pathways................................ 140

4.7

Subcellular localization of ELT1 and potential protein function ....................... 142

CONCLUSIONS AND PROPOSED MODEL ................................................................... 147

BIBLIOGRAPHY ........................................................................................................................ 151
APPENDIX .................................................................................................................................. 180

1
1

INTRODUCTION

Rice (Oryza sativa L.) is one of the most important staple crops that feeds almost three
billion people worldwide (Fairhurst and Dobermann 2002; Shelton et al. 2002). Rice is more
sensitive to chilling (0-15°C) and freezing (<0°C) temperature stress than other staple crops such
as wheat and barley due to its tropical and subtropical origin during evolution. Rice grown at high
altitude or in temperate regions, such as the Northern United States, is usually exposed to
temperatures below 10°C and the yield is severely affected by chilling stress (Xie et al. 2012).
Low temperatures stress can lead to severe osmotic and oxidative stress in plants (Wang
et al. 2003; Yun et al. 2010). Theoretically, three classes of genes are involved in the stress
response: class I genes code for cold sensing and signal transduction; class II genes are
transcription factor targets of the signal transduction process; and class III genes are the
downstream targets of these factors. Since oxidative stress leads to disruption of osmotic and
ionic homeostasis and to structural protein and membrane damage, class III genes are expected to
help restore cellular homeostasis and to repair or turn over damaged proteins and membranes
(Chawade et al. 2013). Such genes are mostly involved in detoxification, osmoprotection,
chaperone, and ion/water transport functions (Figure 1.1).

1.1

Cold stress sensing

When a plant is exposed to low-temperature stress, the first step of a series of responses
is the signal perception that would further determine downstream signaling transduction
(Smallwood and Bowles, 2002). This response process varies depending on the duration and
degree of exposure. While in some cases a few minutes are enough to trigger a short-term
response, some other responses such as vernalization require a longer period up to a few days or
weeks (Medina et al., 2011). Study in cucumber indicated that the temperature changing-rate
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(dT/dt) instead of absolute temperature change, is more favorably perceived by plants (Minorsky,
1989). Although the specific molecular mechanism of low-temperature sensing is still unknown,
it has been proposed that low-temperature triggered cell membrane rigidification is the primary
sensing mechanism for some microorganisms (Vigh et al., 1993).
As an interface between the inner cell and outer environment, the plasma membrane is
considered the site where temperature signaling may occur (Uemura et al., 2006; Vaultier et al.,
2006; Wang et al., 2006). Histidine kinases, G-protein coupled receptors, and Ca2+ ion are
molecular sensors in signaling pathways (Xiong et al., 2002). It has been suggested that plasma
membrane rigidification and cytoskeletal reorganization may function upstream of Ca2+ kinetics
in low-temperature signaling transduction pathways (Orvar et al., 2000; Chinnusamy et al., 2010).
The actin microfilament, one of the most important components in cytoskeletal structure, is
shown to be linked to both Ca2+ influx and expression of COLD-RESPONSIVE (COR) genes
under stress of 4°C. Moreover, stabilization and destabilization of the cytoskeleton can imitate the
cold-induced downstream responses even without stress. However, in one study, cytoskeletal
reorganization was absent in low temperature induced responses, indicating it might not be
required (Knight and Knight, 2012). Trans-membrane receptor-like protein kinases are other
potential low-temperature stress sensors (Hong et al., 1997; Kreps et al., 2002). They usually have
extracellular structures that undergo conformational changes that activate downstream
intracellular kinase activity. Moreover, some studies also uncovered a possible role for chromatin
remodeling proteins, such as AGC1 and HOS15, as stress sensors (Kumar and Wigge, 2010;
Kumar et al., 2012).
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Class I

Class II

Class III

Figure 1.1 The molecular responses of plants to major abiotic stresses. Generally, there are three gene
classes involved in response process induced by abiotic stresses. When plants are exposed to abiotic
stresses such as cold, drought and salt, the general secondary stresses such as osmotic and oxidative
stressed are generated as a result. The primary class genes encode for signaling molecules responsible for
sensing and transducing. The signaling molecules then bind to a few core transcription factors, encoded by
second class genes, which activate a wide range of downstream cold-responsive genes. These genes encode
for diverse enzymes, chaperones, transporters and other effector genes to eventually protect and restore
damaged cellular structure and ion homeostasis caused by osmotic and oxidative stresses, conferring the
overall cold tolerance ability (Modified after Harfouche et al., 2014).
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1.1.1

Ca2+
Calcium is considered the most ubiquitously present signaling molecule involved in

diverse adaptation mechanisms of biotic and abiotic stresses in eukaryotes (Galon et al., 2010;
Ranty et al., 2016). Ca2+ is transported from apoplast into the cytosol and the rate of Ca2+ influx is
positively correlated with temperature declining rate (Knight and Trewavas, 1996; Monroy and
Dhindsa,1995). In one case, Ca2+ dynamic flux has even been detected in response to cold stress
immediately within 40 seconds via a novel calcium signaling channel in Arabidopsis (Zhu et al.,
2013). This swift fluctuation of Ca2+ can also be induced by ionophores and Ca2+ channels
agonists located on the plasma membrane (Jenkins, 1999). Recently, a novel G-protein associated
regulator, COLD1, was shown to activate transmembrane Ca2+ channels in response to decreasing
temperature (Ma et al., 2015) (Figure 1.1; Figure 1.2). Previous studies also suggested that Ca2+
influx released from intracellular compartments is upstream to and required for the activation of
C-repeat binding factor (CBF) controlled regulon, the dominant cold-responsive transcription
factors, and COR genes (Chinnusamy et al., 2007, 2010; Thakur and Nayyar, 2013).
The stress-induced Ca2+ signal is deciphered by a wide range of Ca2+ binding proteins in
plants (Poovaiah et al., 2013). These proteins function as Ca2+ sensors by changing their
phosphorylation level in response to fluctuation of intracellular Ca2+ concentration
(Boonburapong and Buaboocha, 2007). Calcium-dependent protein kinases (CDPKs) are one of
the most important Ca2+ sensor involved in abiotic stress such as cold signaling pathway (Ludwig,
2004; Klimecka and Muszynska, 2007). CDPKs remain inactive under base-line level of
intracellular Ca2+ concentration until increased calcium influx induced by stress is present, which
will cause conformational alteration and CDPKs activation (Wernimont et al., 2011). In rice, cold
treatment could activate OsCPK7 (or OsCDPK13) activity and its overexpression improved cold
tolerance in transgenic rice (Saijo et al., 2000). Another type of Ca2+ sensors are calcineurin B like
proteins (CBLs). However, the full activity of CBLs requires another group of protein kinase,
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CBL-interacting protein kinases (CIPKs) (Kolukisaoglu et al., 2004; Huang et al., 2011). This
interaction has been shown to be Ca2+ dependent in cold stress signaling. For example, transgenic
rice overexpressing a CIPK gene, OsCIPK3, showed an enhanced survivability under cold stress
(Xiang et al., 2007) (Figure 1.1 and Figure 1.2).

1.1.2

MAPK
Another class of kinases involved in general stress signaling pathways is mitogen-

activated protein kinases (MAPK) (Ligterink and Hirt, 2001). The stress induced MAPKs cascade
are: CRLK (e.g. CRLK1)-MAPKKK (MEKK1)-MAPKK (MKK2)-MAPK (MPK4/6). Upon Ca2+
signaling, CRLK (Ca2+ / Calmodulin-Regulated Receptor-Like Kinase) phosphorylates and
activates MEKK1 in plants (Furuya et al., 2013; 2014). MEKK2 also has been demonstrated to
interact with MPK4/6 during cold acclimation and freezing sensitivity as well as the absence of
interaction between MEKK2 and MPK4/6 were observed in mekk2 mutant (Teige et al., 2004)
(Figure 1.1 and 1.2).

1.1.3

CBF/DREB regulon
Plant specific CBF/DREB transcription factor controlled regulons are involved in many

abiotic stresse responses, especially against drought and low-temperature stress. Since first
identified in Arabidopsis (Liu et al., 1998), CBF/DREB homologs have been discovered in a wide
range of crops including rice (Dubouzet et al., 2003), tomato (Zhang et al., 2004), soybean (Chen
et al., 2007), and barley (Choi et al., 2002). Transcriptome analysis identified a large number of
genes regulated by CBF/DREB transcription factors in Arabidopsis (Maruyama et al., 2004).
Genes of the CBF/DREB regulons possess a highly conserved cis-element named DehydrationResponsive/C-Repeat Element/Low Temperature Responsive Element (DRE/CRT/LTRE) with
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the core motif (CCGAC) (Baker et al., 1994). Overexpression of CBF/DREB transcription factors
enhanced low temperature resistance in Arabidopsis, tobacco, rice and wheat (Liu et al., 1998;
Jaglo-Ottosen et al., 1998). Of the three main CBF/DREB transcription factors, CBF2
interestingly acts as a negative regulator of CBF1 and CBF3, suggesting an antagonistic pathway
(Novillo et al., 2004). Some upstream positive and negative regulators of CBF/DREBs have been
characterized as well, including the Inducer of CBF Expression (ICE1) protein (Chinnusamy et
al., 2003), MYB15 (Agarwal et al., 2006), Calmodulin binding transcription activator3
(CAMTA3) (Doherty et al., 2009), ZAT12 (Maruyama et al., 2009,) and HOS1 (Dong et al.,
2006). The MYC-like basic helix-loop-helix (bHLH) transcription factor encoded by ICE1
activates CBF1, CBF2, and CBF3 expression by recognizing a MYC cis-element in their
promoters. Overexpression of MYB15 reduced expression of CBFs and cold tolerance while its
knockout mutant showed the opposite effect. Calcium-mediated CAMTA3 binds to the CM2 ciselement in promoter CBF2 to activate its expression. ZAT12, a Zn2+ finger transcription factor, is
induced by cold stress and was shown to inhibit transcription of CBFs. Another negative
regulator, EXPRESSION OF OSMOTICALLY SENSITIVE 1 (HOS1), is a RING E3 ligase that
degrades ICE1 through proteasome-mediated degradation (Figure 1.1 and Figure 1.2).

1.2

Physiological consequences of cold stress and cold tolerance mechanism in plants
Compared to animals that can move, plants, which are immobile, must adopt the distinct

strategy to deal with biotic and abiotic environmental stresses. Low or high-temperature stress is
one of the most wide-spread abiotic stresses together with other major ones including drought,
salt, nutritional deficiency, and heavy metal contamination. Depending on the temperature range,
plants could be categorized into chilling (above 0°C) and/or freezing (below 0°C) resistant (Miura
and Furumoto, 2013). Low-temperature stress causes a huge amount of agricultural and economic
losses, especially for the crops with tropical and sub-tropical origins such as rice (Oryza sativa)
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(Rathore et al., 2012; Li et al., 2010; Zhang et al., 2014). By comparison, plants with temperate
origins generally are chilling resistant due to their prior exposure to chilling temperatures that
could improve freezing tolerance in winter. Plants originating in tropical and sub-tropical zones
are more susceptible to chilling stress because they usually lack the molecular and metabolic
mechanisms for cold acclimation (Prasad et al., 1994; Foyer et al., 1997; Thomashow, 1999;
Abbasi et al., 2004).
Low-temperature stress typically causes low germinability, stalled growth, death at the
seedling stage, and low fertility and reduced yield. These are the outcomes from the sum of all
internal physiological and metabolic alterations, including photosynthesis, ROS production,
metabolism of sugar and amino acid, and phytohormones. These physiological indices have been
used to reflect the degree of low-temperature acclimation in plants (Zhang et al., 2014).
The chlorophyll content and chlorophyll fluorescence parameter (Fv/Fm, an indicator
that measure the maximum efficiency of light-energy conversion in photosystem II) are important
indices to determine low-temperature tolerance in plants. In rice, both indices would decline
during low-temperature exposure (Sharma et al., 2005; Paknejad et al., 2007). A rice gene,
OsiSAP8, elevated chlorophyll content and conferred cold, salt, and drought stress resistance
when overexpressed in rice and tobacco (Nicotiana tabacum L.) (Kanneganti and Gupta, 2008).
Another gene, OsAsr1, significantly increased Fv/Fm parameter and growth fitness during cold
stress when overexpressed in transgenic rice (Kim et al., 2009).
Low-temperature challenge also triggers the biosynthesis of various sugars including
glucose, sucrose, fructose, raffinose and trehalose. They serve as energy source and carbon
precursor for synthesis of other osmotic regulators that stabilize plasma membrane and ion
homeostasis in a challenging environment (Ma et al., 2009). Previous studies showed that
overexpression of key genes (OsTPP1, OsTPP2, or OsTPS1) involved in trehalose biosynthesis
could all remarkably improve low-temperature tolerance in rice (Shima et al., 2007; Li et al.,
2011). At the booting stage, lack of sucrose, the major source necessary for starch biosynthesis, in
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pollen and tapetum cells leads to sterility. This is due to the deficit in accumulation of sugar
(sucrose, glucose and fructose), compromised enzymatic activity of sucrase, and decreased
expression of monosaccharide transporter proteins when microsporocyte cells are exposed to lowtemperature stress while undergoing meiosis (Oliver et al., 2005; 2007). Sakata and others
(Sakata et al., 2014) found that exogenous application of sucrose would significantly increase
pollen fertility in rice. Moreover, it was recently shown that a version of the bZIP73 transcription
factor found in some chilling tolerant rice varieties activates a genetic program in tapetum cells
promoting sugar transport into pollen cells, which greatly enhances fertility under cold
temperature stress conditions (Liu et al., 2019).
Also, the accumulation of proline is another well-known physiological modification in
the low-temperature acclimation process. Proline functions in osmotic regulation, carbon-nitrogen
metabolism, enzyme protection from degradation and inactivation (Kishor et al., 2005), and in
stabilization of polyribosomes and protein biosynthesis (Kandpal and Rao 1985). Under stress
condition, proline can remove excessive H+ generated from stress-induced metabolism to
maintain an optimal pH for cellular respiration (Venekamp, 1989). In addition, the hydrophobic
group of proline can associate with proteins to increase their hydrophilicity (Schobert and
Tschesche, 1978). The importance of proline was shown by overexpressing genes such as
OsCOIN, OsMYB2, OsMYB4, OsMYB3R-2, and OsZFP245, which encode key biosynthetic
enzymes involved in proline biosynthesis, leading to increased proline abundance and enhanced
resistance to low-temperature stress (Liu et al., 2007; Ma et al., 2009; Huang et al., 2009; Park et
al, 2010; Yang et al., 2012).
Phytohormones, especially abscisic acid (ABA), are another class of regulators that play
an important role in the low-temperature response (Mittler and Blumwald, 2015). Generally,
ABA is induced by low-temperature stress and functions as a signaling molecule, activating
downstream COR genes to improve stress tolerance (Vishwakarma et al., 2017). ABA signaling is
mediated by ABA receptors, pyrabactin resistance/pyrabactin resistance-like/regulatory
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components of the abscisic acid receptors (PYR/PYL/RCAR), the negative regulator type 2C
protein phosphatase (PP2C), the positive regulator SNFl related protein kinase 2 (SnRK2,) and
ABRE-binding (AREB) transcription factors, which can bind to ABA-responsive elements
(ABREs) of target genes (Mundy et al., 1990; Ma et al., 2009; Park et al., 2009; Fujii et al., 2009;
Kim et al., 2012). When plants are exposed to low temperatures, intracellular ABA is raised and
bind to PYR/PYL/RCAR. This leads to a disassociation between PP2C and SnRK2, releasing
SnRK2 to phosphorylate and activate AREB transcription factors. AREBs recognize ABRE
elements and activate downstream ABA-dependent genes. In contrast, under normal condition,
ABA is maintained at base-line levels, thus phosphorylation of target genes by SnRK2 is
repressed through direct interaction between SnRK2 and PP2C (Sah et al., 2016) (Figure 1.1 and
1.2).
However, in a classic situation of “trade-off”, plants need to balance the mutually
exclusive dilemma between stress acclimation and growth and development. Thus, the stressinduced signaling mechanism needs to be fine-tuned to avoid unnecessarily excessive signal
amplification and sacrifice of growth under continuous low-temperature stress (Scheres et al.,
2017; Zong et al., 2016). It was shown that keeping ABA levels relatively low at the seedling and
booting stages in RNAi lines donwregulating carotenoid precursors of ABA biosynthesis
increased low-temperature stress tolerance in those mutant rice lines (Du et al., 2013).
Consistently, a recent study showed that rice overexpressing OsABA8ox1, a key regulator of
endogenous ABA content, resulted in a decreased level of ABA but an increased survival rate at
15°C. On the other hand, extremely low endogenous ABA levels caused reduced cold tolerance at
4°C (Mega et al., 2015). However, overexpression of OsNAC095, a NAC family transcription
factor, not only increased endogenous ABA abundance but also sensitivity to cold stress in
transgenic rice (Huang et al., 2016). Moreover, it was shown that cold stress at the booting stage
increased ABA levels in both cold tolerant and cold sensitive accessions, but this extent of
increase was much smaller in the tolerant than sensitive ones (Oliver et al., 2007). Based on our
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own rice cold tolerance phenotyping results, it was very recently shown that bZIP73 mediated
downregulation of ABA improved cold tolerance by increasing antioxidant enzyme activity (Liu
et al., 2018). These results suggest that the precise regulation of endogenous ABA concentration
level within homeostasis is crucial for maintaining seedling survivability under cold stress.
Extremely high and low ABA level are both detrimental to low-temperature acclimation.
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Figure 1.2 Specific cellular and molecular regulation of abiotic stress adaptation in plants. When plants are exposed to low-temperature stress, the
molecular sensor COLD1 in plasma membrane receives the stress signal and transduces this signal by regulating cytoplasmic Ca2+ concentration.
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Various Ca2+ - dependent kinases such as CPKs, CIPKs and CRLKs can activate transcription activator CAMTA3, which further activates a core
transcription factor CBF2. CBF2 cooperates with CBF1 and CBF3 to increase or decrease, through binding the DRE/CRT cis-element, the expression of
downstream COR genes that ultimately mitigate or restore the stress-induced damage. Another Ca2+ - dependent regulatory pathway involves CRLKs
and MPKs that increase the activity of a core transcription factor ICE1, which can also activate CBF family. Phytohormone ABA is a general stressresponsive molecule independent of CBF regulatory pathway. In rice, ABA-dependent kinase OST1 can activate transcription factor AREB, which
regulate the expression of COR genes by binding cis-element ABRE in COR gene promoter. Although largely independent, ABA pathway is connected
with CBF pathway via the OST1-repressing transcription factor HOS1 that functions as an inhibitor of ICE1. Besides osmotic stress, oxidative stress is
also a class of secondary stresses generated by primary abiotic stresses. Oxidative stress can act as a general signaling molecule to trigger
comprehensive cellular and molecular responses including expression of some non-CBF regulated COR genes necessary for abiotic stresses tolerance in
plant cell. However, excessive oxidative stress is detrimental for almost all biological macromolecules and usually mitigated by ROS-scavenging
antioxidants. A bZIP transcription factor, bZIP73, was shown to induce the expression of peroxidase but downregulate ABA level. The blue, yellow,
green, red and purple rectangles represent protein kinases or phosphatase, transcription factors, COR genes, antioxidants and molecular sensor
respectively (Modified after Shi et al., 2018).
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1.3
1.3.1

Responses of the plasma membrane to low-temperature stress
Lipid response to low-temperature stress
Low-temperature stress negatively affects plant growth and development, altering the

physical and chemical properties of plasma membranes, disrupting ion homeostasis and overall
cell metabolism (Thomashow, 1999). Plants utilize various strategies to protect themselves from
low-temperature stress. Although the intracellularly transcriptional activity regulated by
transcription factors is a main strategy (Zhu et al., 2007; Barrero-Gil and Salinas, 2013), plasma
membrane surfaces that contain diverse lipid and protein species have been thought to be another
primary site of perceiving, signaling, and resisting low-temperature stress as well (reviewed by
Uemura et al., 2006; Takahashi et al., 2013). As a major component of plasma and endomembranes, lipid composition undergoes remarkable changes in response to cold acclimation and
exhibits a critical role in alleviating the negative impact of low-temperature-induced damage
(Uemura et al., 2006; Barrero-Sicilia et al. 2017). Low-temperature tolerance in membrane
systems is mainly achieved by the increased level of unsaturated lipids that improve the
membrane fluidity and stability, as well as chain shortening, lipid composition and/or
lipid/protein ratio remodeling (Takahashi et al., 2013; Barrero-Sicilia et al. 2017).
Specifically, the plant cellular membrane system is comprised of three major classes of
lipids, glycerolipids (e.g. phospholipids), sphingolipids, and sterols (Cacas et al., 2012). The most
significant compositional alteration of plasma membranes in response to abiotic stress is the
short-term increase of phospholipids that consists of two major unsaturated lipid species,
phosphatidylcholine and phosphatidylethanolamine, and the gradual decrease of cerebrosides.
This change in lipid composition is found in a variety of species including monocot, dicot,
herbaceous and woody plants (Uemura and Yoshida 1984; Ishikawa and Yoshida 1985; Lynch
and Steponkus 1987; Uemura and Steponkus 1994; Uemura et al. 1995; Kawamura and Uemura
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2002). However, a comprehensive compositional analysis of plasma lipids revealed that cold
stress affects almost the entire compositional spectrum of membrane lipid species rather than any
unique class of molecules, indicating alterations of lipid-protein and/or lipid-lipid interactions are
probably more important than lipid biosynthesis during cold acclimation. The effect of lipid
species on plasma membrane behavior under low-temperature stress was investigated with
liposomes produced from leaves of non-acclimated and acclimated plants. After experiencing
low-temperature stress, liposomes derived from non-acclimated plasma membranes contained
components of endocytotic vesicles. In contrast, liposomes from acclimated plasma membranes
had exocytotic extrusions. This evidence implies that the metabolism of the plasma membrane is
at least partially determined by its lipid composition (Steponkus and Lynch 1989). More
specifically, unsaturated phospholipid species are specifically responsible for reducing lowtemperature-induced damage. Additional studies showed that non-acclimated protoplasts fused
with engineered liposome enriched in unsaturated phosphatidylcholine, which mimics the lipid
composition of acclimated membranes, had an improved survival after freeze/thaw treatments
(Steponkus et al. 1988, Uemura and Steponkus 1989).
To avoid cold or freezing damage, changes of lipid composition, saturation level, chain
length and lipid/protein ratio are mediated by lipid metabolic enzymes, resulting in maintenance
of membrane structure and integrity (Steponkus, 1984; Takahashi et al., 2013). Chloroplast
membrane integrity is also challenged by low-temperature stress in terms of specific
compositional change of membrane lipids. An Arabidopsis mutant, SENSITIVE TO FREEZING 2
(sfr2), is deficient in synthesis of triacylglycerol (TAG) and oligogalactolipids from
monogalactosyldiacylglycerol (MGDG), and exhibits substantial structural damage in tonoplasts
and chloroplasts, probably due to destabilized membrane lipids (Moellering et al., 2010; Barnes et
al., 2016). A negative correlation has been reported previously between the amount of saturated
phosphatidylglycerol species and chilling tolerance (Murata and Yamaya, 1984). Chilling
tolerance has also been achieved by introducing desaturase that convert palmitate to palmitoleate
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(Gao and Wallis, 2015). Lipids chain length and amount is at least partially controlled by AcetylCoA carboxylase 1 (ACC1). Another Arabidopsis mutant, sfr3, contains a mutated ACC1 enzyme
responsible for converting malonyl-CoA to Very-Long-Chain-Fatty-Acid (VLCFA), which is
necessary for sphingolipids biosynthesis, and is freezing sensitive (Baud et al., 2003; Amid et al.,
2012).

1.3.2

Protein responses to low-temperature stress
Preliminary proteomics studies about plasma membrane protein alterations during cold

acclimation only focused on some specific plasma membrane proteins previously identified by
two-dimentional electrophoresis assays. For instance, mRNA level of a linker protein linking the
cell wall and cell membrane was increased after cold treatment in Brassica napus (Goodwin et al.
1996), and an annexin protein was expressed more at the protein level in wheat upon cold
acclimation (Breton et al. 2000). Later, a landmark comprehensive mass-spectrometry based
proteomic analysis using Arabidopsis produced an informative result with a total of 38 lowtemperature-responsive proteins identified, of which 26 were soluble and hydrophilic globular
proteins, while 12 were hydrophobic proteins possibly in protein complexes (Kawamura and
Uemura 2003). The wide range of functional annotations of these proteins included: membrane
repair; osmotic stress-related; proteolysis-related; dehydrins; and some unknown proteins. One
identified protein was a membrane lipoprotein-like protein called AtLCN, which was expressed
considerably at both the mRNA and protein level upon stress treatment (Kanamura and Uemura,
2003). Also, overexpression of AtLCN significantly improved the cold tolerance by decreasing
electrolyte leakage compared to wildtype plants, suggesting that change in protein composition is
directly associated with stability and integrity of the plasma membrane. Also, the localization of
AtLCN was shown to be near or at the plasma membrane. Another protein identified,
PHOSPHOLIPASE Dδ (PLDδ), is responsible for hydrolyzing phospholipids to produce
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phosphatidic acid. PLDδ can regulate cytoskeleton stability and its interaction with the plasma
membrane is responsive to Ca2+ concentration. Phosphatidic acid affects microtubule and actin
activity, and promotes a protein kinase cascade by directly binding to and inhibiting phosphatases
activity, which is responsive to ABA, ROS, and abiotic stresses (Zhao, 2015). Compared to
wildtype plants, PLDδ knockout and overexpression transgenic Arabidopsis plants had decreased
and increased freezing tolerance, respectively (Li at el., 2004). Two members of the EARLY
RESPONSIVE TO DEHYDRATION proteins, ERD10 and ERD14, were also shown to protect
plasma membranes from low-temperature induced dehydration (Uemura et al., 2006; Miki et al.,
2018). Moreover, a membrane-repairing protein, SYNAPTOTAGMIN 1 (SYT1), that induces
plasma membrane resealing, was suggested to be associated with freezing resistance in a Ca2+dependent manner (Yamazaki et al., 2008). The 14-3-3 family of proteins are conserved plasma
membrane-located proteins mediating kinase activity via conformation, localization, and
stabilization changes. In Arabidopsis, 14-3-3 proteins control cold tolerance in an ethylenedependent manner (Catala et al., 2014). Another plasma membrane protein, COLDRESPONSIVE PROTEIN KINASE 1 (CRPK1), was shown to phosphorylate 14-3-3 proteins that
translocate to the nucleus to regulate gene expression together with CBFs (Liu et al., 2017). Other
key proteins connecting 14-3-3 and PLDδ under cold acclimation are H+-ATPases. A recent study
showed that H+-ATPase are inhibited by direct interaction with 14-3-3 proteins, and this
suppression is lost upon H+-ATPase phosphorylation that coincides with a conversion of
phosphatidic acid to diacylglycerol (Muzi et al., 2016).
However, these lipid and protein reactions that protect membranes from abiotic stresses
are simultaneously challenged by some secondary stresses, such as reactive oxygen species (ROS)
induced oxidative stress.

1.4

Reactive oxygen species (ROS) and abiotic stress
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Reactive oxygen species, ROS, are reduced and reactive derivatives of the O2 oxygen
molecule that include the superoxide ion (●O2-), hydrogen peroxide (H2O2), the hydroxyl radical
(●OH), etc. ROS are thought to be produced inevitably as byproducts during common cellular
metabolism in all living organisms (Mittler et al., 2011). Over-accumulation of ROS in cells
confers broad oxidative stress on a wide range of molecules such lipids in the plasma membrane,
nucleic acids in the nucleus, and enzymes in the cytoplasm (Mittler, 2002).
Based on their origin, ROS can be categorized into two species: ROS originating from
abiotic stress sensors that perceive stress signals (signaling ROS) (Mittler et al., 2012); and
metabolic ROS resulting from the disruption of cellular metabolism as a consequence of abiotic
stresses (Mittler et al., 2010).
ROS both for signaling and metabolism are byproducts constantly produced in multiple
cellular organelles (e.g. plasma membrane, chloroplast, mitochondria, peroxisome, and vacuole)
via different ROS biosynthesis pathways (Suzuki et al., 2011; Vaahtera et al., 2014; Gilroy et al.,
2016; Mignolet-Spruyt et al., 2016). Thus, baseline levels of ROS plus additional ROS generated
by abiotic stress combine to form a unique ROS 17ignature in a cell. This ROS signature is
altered by development, cell type, and characteristics of the abiotic stress.
Signaling ROS is first generated at apoplast or/and plasma membranes mainly via
RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) regulated by phytohormones,
calcium, phosphorylation, and NADPH oxidases (Suzuki et al., 2011; Gilroy et al., 2014). After
transport into the cytoplasm, signaling ROS together with metabolic ROS modify the overall
redox status of key transcription factors and enzymes to regulate target gene expression (Dietz et
al., 2016; Kerchev et al., 2016; Takagi et al., 2016). Specifically, deciphering ROS signal is first
achieved by redox reactions in which ROS, for example, H2O2 modifies protein conformation
through oxidization of –SH residues or formation of disulfide bonds, which can further result in
alteration of binding affinity between TFs and promoters (Dietz, 2015; 2016; Dietz et al., 2016).
This also occurs between superoxide ions ●O2- and iron-sulfur bonds (Fe-S) in certain proteins.
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Since membranes are impermeable barriers for ROS molecules, each cellular
compartment/organelle has its own unique baseline-level ROS signature under abiotic stress
(Noctor and Foyer, 2016).
In order to best counteract adverse environmental stress, all plant tissues, organs, and
cells need to cooperatively respond with a systemic, simultaneous, and consistent signaling
mechanism. It was not clear until recently that this coordinated system is achieved via a selfpropagating ROS influx generated first in a few cells that are direct stress targets and then
propagated to other areas at a speed of up to 8.4 cm/min (Miller et al., 2009). The process starts
with an influx of Ca2+ into the cytoplasm that either directly actives RBOH or indirectly activates
a calcium-dependent protein kinase (CDPK) that activates RBOH by phosphorylation (Mittler et
al., 2011; Dubiella et al., 2013; Gilroy et al., 2014). Apoplastic ROS produced by activated
RBOH is perceived by neighboring cells and trigger Ca2+ influx there that activates RBOHs in
these cells. This Ca2+-CDPK-RBOH-ROS cycle is then propagated throughout the entire plant
and acts as a systemic response, finally resulting in stress acclimation (Miller et al., 2009).
Furthermore, other previously observed abiotic stress responses in plants as an automatous
system such as ABA accumulation, Ca2+ influx, and stomatal closure are thought to be mediated
coordinately through this self-propagating ROS wave (Leon et al., 2001; Mittler and Blumwald,
2010).
Metabolic ROS are mostly produced in chloroplasts, mitochondria, peroxisomes, and the
apoplast. Under abiotic stresses, stomata are shut down and the amount of CO2 becomes limited
in cells, resulting in generation of ●O2- and 1O2 in chloroplasts, suppressed photosynthetic
reactions and disrupted energy balance (Dietzel et al., 2008; Pesaresi et al., 2009). Studies have
shown that ●O2- in chloroplasts is able to regulate expression of certain nuclear-encoded
chloroplast genes, EXECUTER 1 (EX1) and EX2 that make enzymes functionally linked to
thylakoid membranes, which can cause chlorosis and plant death (Wagner et al., 2004; Lee et
al.,2007; Kleine and Leister, 2016). This effect is alleviated by certain ROS-scavengers such as
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Fe-superoxide dismutase (SOD), ascorbic acid (AsA), and reduced glutathione (GSH) (Mittler et
al., 2004). ROS, especially ●O2-, produced in mitochondria during abiotic stresses, results from
damaged electron transport chains, is changed into H2O2 by Mn-SODs (Quan et al., 2008; Huang
et al., 2016). Mitochondrial ROS also inhibits the expression of alternative oxidase (AOX), which
along with type II NAD(P)H dehydrogenase scavenge mitochondrial ROS through WRKY15
transcription factor binding to the AOX1 promoter (Vanderauwera et al., 2012). ROS in
peroxisomes is primarily H2O2 produced by glycolate oxidase via photorespiration (Sarvajeet and
Narendra, 2010; Baishnab and Ralf, 2012; Kerchev et al., 2016), which could be mitigated by
peroxisomal catalase (CAT). ROS production in the apoplast is, however, more complicated and
includes three pathways. The first one is Ca2+-regulated RBOH located in the plasma membrane
in ROS signaling pathway that can mediate plant acclimation against abiotic stress (Gilroy et al.,
2016). Oxalate oxidase is the enzyme involved in second ROS metabolism pathway in the
apoplast, which mediates ROS generation in roots during drought stress acclimation (Voothuluru
and Sharp, 2013). The third pathwy involves a xanthine dehydrogenase, which has been shown to
function in the ROS signaling pathway during abiotic stress (Ma et al., 2016). The apoplastic
ROS scavenging system is similar to the intracellular one that includes SOD, ascorbate
peroxidase (APX), peroxidase (GPX), GSH, and ascorbic acid. However, it is less efficient and
enables the accumulation of ROS to a certain level to activate systemic ROS signaling pathway.
Recent studies showed that ROS can interact with plant hormones to influence abiotic
stress acclimation. ABA is well known to play a diverse and essential role in adaptation to
various abiotic stresses (Leung and Giraudat, 1998; Raghavendra et al., 2010), including stomatal
closure, osmolyte accumulation, and developmental regulation. For example, it was reported that
stress-induced ABA accumulation promotes H2O2 generation by activating NADPH oxidases,
which results in opening of ROS-regulated Ca2+ channels that in turn positively upregulate RBOH
to synthesize even more ROS, as well as stomatal closure, reduced gas exchange, and inhibition
of photosynthesis (Mittler and Blumwald, 2015). It was found that H2O2 generated in
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mitochondria, chloroplasts, and peroxisomes by water stress was degraded in maize leaf tissue of
ABA biosynthesis mutants or those pre-treated with ABA biosynthesis inhibitors, suggesting that
ABA might be necessary for H2O2 production in plant cells (Hu et al., 2006). Auxin was shown to
be associated with abiotic stress acclimation and oxidative stress, and appears to play a role in
auxin degradation, conjugation, and distribution to regulate auxin gradient and signaling
pathways during abiotic stresses (Xia et al., 2015; Tognettiet al., 2010). In turn, auxin has a
reciprocal effect on ROS generation and homeostasis as well (Tognettiet al., 2012). For instance,
it was shown that auxin increases ROS production in the apoplast by activating a Rho-GTPase
associated with NADPH oxidases (Duan et al., 2010). In contrast, ROS reprograms abiotic stress
signaling from auxin-mediated signaling to oxidative stress signaling pathways by activating a
MAPK cascade reaction (Kovtun et al., 2000). Brassinosteroids (BRs) are a group of
phytohormones that are linked to abiotic stress response in plant through biochemical and
physiological pathways (Xia et al., 2009). BRs provoke the production of H2O2 in the apoplast by
improvement of RBOH and NADPH oxidase activity. In addition, a positive feedback mechanism
between BRs-induced accumulation of H2O2 and an increase in ABA biosynthesis was also
reported, which probably assists to maintain systemic stress resistance (Zhou et al., 2014). The
biological function of gibberellins (Gas) is correlated with plant growth, cell division, cell
elongation, and response to abiotic stress (Colebrook et al., 2014). This function is mainly
achieved by the conformational control of DELLA proteins, which are important negative
regulators of GA signaling (Achard et al., 2006). An Arabidopsis DELLA mutant had decreased
ROS accumulation and an increased enzymatic-antioxidant activity under salinity stress (Achard
et al., 2009). Similarly, overexpression of the SUB1A gene, which allows rice to survive in a
hypoxic environment when submerged under water, was shown to diminish ROS production and
oxidative damage while accumulating DELLA proteins (Fukao et al., 2006).
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1.5

Oxidative damage on lipids and proteins
Oxidative stress resulting from excessive ROS can cause remarkable physiological,

molecular, and biochemical damage mainly through oxidative modification of vital
macromolecules such as lipids, amino acids, and nucleic acids (Mahajan and Tuteja 2005; Gill
and Tuteja 2010; Krasensky and Jonak 2012). The elaborate structure of the plasma membrane
allows it to function as a key cellular component in which the phospholipid bilayer and
transmembrane proteins form a hydrophobic barrier that tightly regulates solute exchange and
signal transduction across the plasma membrane (Kleinschmidt 2013). ROS can oxidize the lipids
and increase membrane rigidity, which causes membrane damage and increased electrolyte
leakage (Alonso, et al 1997; Zoldan, et al., 2012).

1.5.1

Oxidative damage to lipids
The main oxidative injury target lipids in plant cell membranes are polyunsaturated fatty

acids (PUFAs), forming various lipoperoxide byproducts depending on types of PUFAs and ROS,
and the degree of peroxidation (Sochor et al., 2012; Hameed et al., 2013). PUFAs are more
susceptible to ROS-mediated oxidative damage due to a high amount of double bonds and a high
tendency to lose protons (Wagner et al., 1994; Porter et al., 1995). Due to their unstable structure,
lipoperoxides usually undergo spontaneous decomposition to form diverse compounds including
certain highly reactive aldehydes, such as malondialdehyde (MDA) and 4-hydroxy-2hydroxynonenal (4-HNE), which cause subsequent protein peroxidation (Sochor et al., 2012). In
general, the primary target of ROS stress in the PUFA molecule is its 1,4-pentadiene structure
that is esterified to glycerol or cholesterol (Browne and Armstrong, 2002). As a result, lipid
peroxidation causes conformational changes that lead to fragmentation of membrane lipids and
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destabilization of the bilayer structure (Gill and Tuteja, 2010; Sharma et al., 2012; Sabater and
Martin 2013) (Figure 1.3).
Another reason oxidation of lipids is highly dangerous is that the reactive free radicals are
propagated through a “chain reaction” across the plasma membrane. Thus, lipid oxidation,
especially one of its aggressive end products, MDA, is widely used as a biomarker of oxidative
stress (Farmer and Mueller, 2013).

Figure 1.3 Oxidative damages on lipids and proteins. Environmental stresses result in generation of ROS
molecules in plant cell. Signaling ROS produced and propagated by RBOH triggers the comprehensive
responses spreading the whole plant tissue. Metabolic ROS mostly deriving from intracellular organelles
such as mitochondria, chloroplasts and peroxisomes leads to oxidative damage on lipids, protein and
nucleic acid. MDA is a typical final product of peroxidation of many lipid species such as linolenic acid,
leading to overall conformational changes on plasma membrane structure. Oxidative damage also induces
protein peroxidation by individual amino acid oxidation including cysteine, methionine, histidine and
tryptophan (Modified after Anjum et al., 2015).

1.5.2

Oxidative damage to proteins
Oxidative stress – induced damage to proteins results from reversible and irreversible

post-translational modification of proteins and a change in enzymatic activity that is important for
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abiotic stresses acclimation. One of the most common structural modifications of enzymes and
transcription factors (TFs) under ROS stress is sulfonylation that oxidizes sulfhydryl groups to
form sulfenic acid. It is usually caused by H2O2 and leads to formation of disulfide (S-S) bonds of
two cysteine residues, which further causes conformational alterations that changes enzymatic
activity. Certain oxidized enzymes and amino acid, for example, Fru-1, 6-bisphosphatase
(FBPase) and methionine, respectively, can be reduced by abiotic stress-responsive antioxidants
such as thioredoxins (Trxs), peroxiredoxins (PRXs,) and GSH (Scheibe et al., 2005; Gustavsson
et al., 2002). The sulfenic acid generated by cysteine oxidation is able to form covalent bonds
with GSH, termed S-glutathionylation. The conformational change that regulates GSH/oxidized
glutathione (GSSG) homeostasis in the redox signal cascade can be reversed by thiol-disulfide
oxidoreductases (Grxs) (Fratelli et al., 2004; Schafer and Buettner, 2001). Carbonylation is a
process in which some residues such as Thr, Pro, Lys, His, and Arg are irreversibly oxidized by
ROS (Shacter, 2000). The inhibition or inactivation of some enzymes localized in mitochondria,
such as pyruvate dehydrogenase and glycine decarboxylase, results in a disturbed tricarboxylic
acid (TCA) cycle and consequent energy metabolism (Schwarzlander and Finkemeier, 2013;
Camejoet al., 2015). It has been shown that this oxidative stress occurs in chloroplast as well,
causing carbonylation of some essential proteins (e.g. Rubisco, Cys synthase, and Asp kinase)
accompanied with slowing down photosynthesis in Arabidopsis (Davletova et al., 2005). Another
post-translational regulation of protein activity via oxidative stress is S-Nitrosylation, which give
rise to the formation of a covalent bond between NO and thiol groups of Cys. Proteins and
enzymes affected by S-Nitrosylation are involved in a diverse range of cellular and physiological
processes including respiration, antioxidation, photorespiration, and TF-DNA interaction under
cold, salt and other abiotic stress responses (Puyaubert et al., 2014; Yun et al., 2011; Tavares et
al., 2014) (Figure 1.3).
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1.6
1.6.1

Antioxidant activity to mitigate oxidative stress
Enzymatic antioxidants
To cope with ROS-induced oxidative stress, higher plants have evolved dedicated

mechanisms involving a variety of antioxidants that can specifically scavenge ROS. Antioxidant
can be classified into two groups: enzymatic antioxidant such as APX, SOD, GPX, CAT and
PRX; and non-enzymatic antioxidant such as AsA, GSH, free metal ion (Fe2+), and flavonoids
(Mittler et al., 2004). This has been well reviewed by some recent articles (Gill and Tuteja, 2010;
Sharma et al., 2012; You and Chan, 2015; Sewelam et al., 2016). The ROS scavenging process
usually involves a cooperation of antioxidants from both categories. Briefly, the initial reactive
oxygen species, the ●O2-, can be recognized and converted into H2O2 by SOD. The reduction of
H2O2 is then catalyzed by multiple enzymes such as CAT, GPX and APX to generate H2O.
During this process, non-enzymatic antioxidants GSH and AsA are simultaneously converted to
GSSG and monodehydroascorbate (MDHA), respectively, by H2O2 mediated-oxidation.
Glutathione reductase (GR) is able to catalyze oxidized GSSG back to its reduced form GSH
using protons and electrons donated from NADPH. Then this GSH can undergo another cycle to
reduce dehydroascorbate (DHA), which derives from MDHA through non-enzymatic
modification, to generate AsA again using dehydroascorbate reductase (DHAR). Alternatively,
MDHA can be directly transformed back to AsA by monodehydroascorbate reductase (MDHAR).
Furthermore, the Fenton reaction can use H2O2 with the assistance of Fe2+ to generate the highly
reactive and toxic free radical OH● (Figure 1.4). Besides antioxidants mentioned above, some
other small molecules including flavonoids, proline and carotenoids have also been shown to
have antioxidant activity.
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Figure 1.4 The metabolism of ROS and antioxidants in plant cell. The original ROS molecule ●O2- is first
converted into H2O2 by SOD. H2O2 can be turned into H2O by CAT or GPX, or APX companied by
conversion of a non-enzymatic antioxidant AsA to MDHA. MDHA can be reduced back to form AsA
directly with the assistance of MDHAR, or indirectly by non-enzymatic modification and DHAR using
DHA as an intermediate. Additionally, this conversion of DHA to AsA can also be achieved by oxidation
of another non-enzymatic antioxidant GSH to GSSG. GR can reduce GSSG to GSH with the electron
from NAD(P)H. A more toxic ROS molecule, OH●, can be generated from H2O2 by Fenton reaction with
presence of Fe2+ (Gill and Tuteja, 2010).

1.6.2
1.6.2.1

Non-enzymatic antioxidants
Role of flavonoids/anthocyanins in cold stress

Flavonoids are common and diverse plant secondary metabolites ubiquitously present in
most higher plants, consisting of a few major subgroups: flavones (e.g., flavone and apigenin);
flavonols (e.g. quercetin and kaempferol); flavanones (e.g., flavanone and naringenin);
anthocyanidins (e.g., cyanidin and delphinidin) (Winkel-Shirley, 2001). Their basic structure is
comprised of three aromatic rings with diverse modifications including oxidation, glycosylation
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and methylation (Kumar and Pandey, 2013; Figure 1.5 and Table 1.1). Beside its antioxidant
bioactivity against oxidative stress, flavonoids have been reported to exert other biological
functions in plants, such as UV-photoprotection, biotic stress resistance, legume nodulation,
visual pigmentation, and interaction with phytohormones (Winkel-Shirley, 2001; Petrussa et al.,
2013; Brunetti et al., 2018).

1.6.2.2

Transport of flavonoids/anthocyanins

Flavonoids are mainly synthesized on the cytoplasmic surface of the endoplasmic
reticulum (ER) through a complex multi-enzyme mechanism and then delivered to other cellular
compartments (Kitamura, 2006). Membrane transporters and vesicle-mediated transport facilitate
flavonoids transport into the vacuole (Grotewold, 2004; Zhao and Dixon, 2010). Membrane
transporters are comprised of two major systems: ATP binding cassette (ABC) transporters, and
multidrug and toxic ions extrusion (MATE) transporters energized by a pH gradient. Due to the
requirement of a pH gradient, ABC transporters are thought to be more efficient than MATE
transporters. For example, luteolin 7-O-diglucuronide is translocated via an ABC transporter into
the vacuole in barley (Frangne et al., 2002). The vesicle-mediated transport model proposes that a
glutathione-conjugated ABC transporter transports flavonoid from the ER surface into the ER
lumen, followed by packaging flavonoids into vesicles that then fuse with the vacuolar membrane
(Grotewold, 2001). In fact, anthocyanins are first synthesized in small vesicles in the cytoplasm
(named anthocyanoplasts) (Grotewold, 2004). Besides moving within the cell, flavonoids are also
secreted into the cell wall via ABC transporters, MATE transporters, and vesicle-mediated
transport (Meyer et al., 2009; Hassan and Mathesius, 2012). In addition, flavonoids localized in
the cell wall are dynamically and negatively correlated with soluble flavonoids in the cytosol as
leaves age (Strack et al., 1988). However, the mechanism of flavonoid migration into chloroplasts
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and the nucleus is still unknown, although they have been detected in those organelles (Agati et
al., 2007; Saslowsky et al., 2005).
A large number of evidence supports the hypothesis that flavonoids have antioxidant
properties. For instance, plants that are experiencing environmental stress specifically accumulate
flavonoids/anthocyanins (Landry et al., 1995; Ryan et al., 2002; Tattini et al., 2004; Lillo et al.,
2008; Agati et al., 2011). And biosynthesis of flavonoids/anthocyanins is correlated with the
cellular redox homeostasis status (Heine et al., 2004; Dubos et al., 2010; Ferreyra et al., 2010).

1.6.2.3

Flavonoids/anthocyanins distributions and their antioxidant functions

The wide-ranging localization of flavonoids in a variety of cellular and subcellular
compartments suggests a potentially multi-functional role in stress adaptation. Various flavonoids
that accumulate in appendices (e.g. trichomes) are hypothesized to serve as UV-B absorbers
(Rozema et al., 1997). A wide range of flavonoids and their glycosylated derivatives are found
associated with cell walls of trichome arms in Cistus salvifolius leaves, which is thought to be the
optimal area for effective UV-B absorbers (Tattini et al., 2007; Agati et al., 2013). The presence
of effective flavonoids in the vacuole of mesophyll cells has also been documented in numerous
studies (Tattini et al, 2000; 2004; 2005; Agati et al., 2002; 2009; Dima et al., 2015). It was
proposed that aquaporins located in the tonoplast transport H2O2 into vacuoles for flavonoidmediated reduction and degradation (Bienert et al., 2007). Additionally, one compelling study
showed that anthocyanins in vacuoles scavenge H2O2 generated by physical injury stress (Gould
et al., 2002). Another subcellular compartment that is able to biosynthesize flavonoids in plant
cells is the chloroplast (Agati et al., 2007; Pollastri et al., 2011). Flavonoids might complement
the activity of other ROS scavenging agents, such as carotenoids, to form a comprehensive
defense to deal with highly reactive ●O2-, which is the main ROS population in chloroplasts under
excessive light stress (Fischer et al., 2007; Triantaphylides et al., 2008). When the flavonoid-
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mediated ●O2-scavenging system is overwhelmed, excessive ●O2- is released out, which triggers a
signaling pathway for programmed cell death in the nucleus. Flavonoids also have the potential of
maintaining the integrity of the chloroplast envelope membrane by protecting lipids from
oxidative damage (Moellering et al., 2010; Inoue, 2011). The “head” of phospholipids at the
hydrophilic-hydrophobic interface is thought to associate with and be remodeled by flavonols to
avoid oxidative damage (Erlejman et al., 2004). This is consistent with the observation in other
studies showing improved cold resistance ability in Arabidopsis resulting from interaction
between membranes and flavonoids based on their diverse structural difference (Hannah et al.,
2006; Korn et al., 2008). Interestingly, flavonoids could accumulate in nuclei as well, which is
attributed to their protective functions to prevent DNA from oxidative damage caused by H2O2
and highly reactive hydroxyl radicals. The proved presence of flavonoids as well as key enzymes
involved in flavonoid biosynthesis in nuclei indicates they might activate gene expression
necessary for development and stress response (e.g. auxin transporters) (Polster et al., 2006;
Saslowsky et al., 2005; Kuhn et al., 2011).

B
A

C

Figure 1.5 The basic chemical structure of anthocyanidins. The structure consists of three aromatic rings
(A, B and C) with multiple R groups that represent sites where the -H, -OH and -OCH3 moieties can
covalently-binding to, which determine the specific anthocyanidin species (Modified after Anderson et al.,
2006).
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Table 1.1 The specific R moieties combination of anthocyanidins binding to three aromatic ring structure
shown correspondingly in Figure 1.5.

Anthocyanidin
Apigeninidin
Aurantinidin
Capensinidin
Cyanidin
Delphinidin
Europinidin
Hirsutidin
Malvidin
Pelargonidin
Peonidin
Petunidin
Pulchellidin
Rosinidin

1.6.2.4

R3’
−H
−H
−OCH3
−OH
−OH
−OCH3
−OCH3
−OCH3
−H
−OCH3
−OH
−OH
−OCH3

R5’
−H
−H
−OCH3
−H
−OH
−OH
−OCH3
−OCH3
−H
−H
−OCH3
−OH
−H

R3
R5
R6
R7
−H
−OH
−H
−OH
−OH −OH −OH −OH
−OH −OCH3 −H
−OH
−OH −OH
−H
−OH
−OH −OH
−H
−OH
−OH −OCH3 −H
−OH
−OH −OH
−H −OCH3
−OH −OH
−H
−OH
−OH −OH
−H
−OH
−OH −OH
−H
−OH
−OH −OH
−H
−OH
−OH −OCH3 −H
−OH
−OH −OH
−H −OCH3

The significance of flavonoids as antioxidants under abiotic stress

Besides their UV-absorbing function, flavonoids also respond to other abiotic stress, such
as drought and low-temperature. For example, the transcription level of genes involved in
flavonoid biosynthesis is specifically increased by seasonal drought stress in plants undergoing
ripening. Moreover, water deficit also promoted transcriptional activation of genes encoding
flavonoid 3’,5’-hydroxylases (F3’5’Hs) and methyltransferases (MTs), leading to synthesis of
more hydroxylated and methoxylated anthocyanin compounds, such as peonidin and malvidin
(Castellarin et al., 2007). Water shortage has been shown to induce the expression of flavonoid
synthetic enzymes and a BTL homologue (a flavonoid transporter), indicating this stress could
not only enhance the biosynthesis but also the entire metabolism of flavonoids in plants (Braidot
et al., 2008). In addition, a few studies have investigated the temperature-induced impacts on the
concentration and composition of flavonoids. Anthocyanin biosynthesis is promoted by lowtemperature in diverse plant species (Chalker-Scott et al, 1999). Particularly, mutation of a
negative regulator of anthocyanin biosynthesis (ela1) in Arabidopsis was consistent with
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enhanced flavonoid biosynthesis and cold stress tolerance at 4°C (Choi et al., 2009). In addition,
effects of high- and low- temperature on anthocyanin composition besides total content was also
observed in some studies in grape berries (Spayd et al., 2002; Mori et al., 2005; Yamane et al.,
2006), although the specific molecular mechanisms are still not fully understood.

1.6.2.5

Biochemical mechanisms of ROS scavenging by flavonoids and anthocyanins

The radical scavenging activity of flavonoids is attributed to a direct donation of
hydrogen ions to reduce free radicals. This antioxidant capacity depends substantially on the
amount and arrangement of hydroxyl groups in the flavonoid core structure (Heim et al., 2002).
Hydroxyl groups on the B ring are more important than those on the A and C rings (Burda and
Oleszek, 2001; Amic et al, 2007; Figure1.6). One study showed that the in vitro antioxidant
activity of proanthocyanidins was increased as flavonoid monomers polymerized due to a higher
number of hydroxyl groups in the molecule. This activity was also determined by their chain
length and class of ROS proanthocyanidins reacted with (Lotito et al., 2000). Interestingly, some
studies reported a reduced antioxidant activity in glycosylated flavonoids. For example, quercetin
and rutin showed a decreased antioxidant capacity after glycosylation of the 3-OH group (RiceEvans et al., 1996; Sun et al., 2010). Similar results were also found for other aglycon flavonoids
and their corresponding glycosides (e.g., baicalein–baicalin, hesperetin–hesperidin, luteolin–
luteolin 7-glucoside, quercetin–quercitrin) (Amic and Lucic, 2010).
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Figure 1.6 The ROS scavenging mechanism of flavonoid/anthocyanin. The hydroxyl groups, especially
those binding to B ring, can be oxidized by ROS molecules (R) through donating protons and electrons
(Modified after Procházkováet al., 2011).

Enzymatic and non-enzymatic antioxidants might play an independent and
complementary role. The question which antioxidants source is the dominant one is thought to be
stress-specific. For example, flavonoids and anthocyanins rather than enzyme antioxidants are
preferentially induced during drought stress, while light stress (UV-B radiation) considerably
upregulates biosynthesis of enzyme antioxidants and decreases flavonoid and anthocyanin
compounds (Fini et al., 2012).

1.7

Glycosyltransferases and abiotic stress resistance

Glycosyltransferases (GTs) play diverse and critical roles including energy preservation,
oligosaccharide biosynthesis in the plasma membrane, conjugation of secondary metabolites, and
detoxification of exogenous molecules (Coutinho et al., 2003). They are categorized into 78
families based on their substrate specificity and sequence similarity (Mackenzie et al., 1997).
Arabidopsis GTs are the most extensively studied and predicted to contain more than 107 uridine
5’-diphosphate (UDP) glycosyltransferases (UGTs) (Li et al., 2001). Characterized functions of
these UGTs include sequestration of phytohormones, detoxification of biotic stress, and
glycosylation of secondary metabolites such as flavonoids (Jones and Vogt,2001; Brazier et al.,
2002; Bowles et al., 2005).
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For instance, UGT71B6 is identified as an ABA UGT. UGT76C1 and UGT76C2 encode
cytokinin UGTs. And UGT84B1 is characterized as an IAA UGT (Jackson et al., 2001, 2002;
Hou et al., 2004; Priestet al., 2006). Upon biotic stress, it was reported that suppression of a
phenylpropanoid UGT resulted in a reduced accumulation of scopoletin glucoside and virus
resistance due to an increased oxidative stress in tobacco (Chong et al, 2002). Similar to this,
UGT73B3 and UGT73B5 were found to be involved in the hypersensitive response to
Pseudomonas syringae pv in Arabidopsis by affecting the cellular redox status (LangloisMeurinne et al., 2005; Simon et al., 2014).
Until now, only a few UGTs have been identified as flavonoid/anthocyanin synthetic
UGTs, named UDP-flavonoid/anthocyanin glycosyltransferase (UFGT) in Arabidopsis. UFGTs
catalyze glycosylation at last step of flavonoid biosynthesis, generating various flavonoid
derivatives (Shi and Xie, 2014; Figure 1.7). The biological significance of adding a saccharide
moiety to the flavonoid compound is proposed to improve its stability and lower its toxic
reactivity (Jones and Vogt, 2001). For instance, two studies identified UGT73C6 and UGT78D1
responsible for glycosylation of flavonoids in Arabidopsis (Jones et al., 2003), and that 29 UGTs
use quercetin as a specific substrate (Lim et al., 2004). UGT78D2 and UGT75C have been shown
to glycosylate the C3 and C5 hydroxyl groups, respegively, of cyanidin (Tohge et al., 2005).
Additionally, glycosylated molecules can undergo even more glycosylation to generate greater
biochemical diversity. One report showed another Arabidopsis UFGT, UGT79B1, converted
cyanidin 3-O-glucoside to cyanidin 3-glucoside, 2-xyloside (Yonekura-Sakakibaraet al.2012).
The rice genome has 793 putative GTs (Cao et al. 2008), but only a few have been
functionally characterized. It was shown that the first rice UFGT cloned, expressed in E. coli, and
biochemical characterized was able to transfer glucosides to seven different flavonoids (Ko JH et
al. 2006). Later, four additional rice UFGT genes, UGT706C1, UGT706D1, UGT707A3, and
UGT709A4 were functionally characterized in vitro by the same research group (Ko JH et al.
2008).
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The previous results showing flavonoids can function as antioxidants and UFGTs are
involved in flavonoid biosynthesis pathways suggest that UFGT could be involved in abiotic stress
response through regulating the biosynthesis of flavonoids/anthocyanins that function to scavenge
ROS as antioxidants. Indeed, this hypothesis has been supported by some studies in Arabidopsis.

For example, UGT89C1 was identified to produce kaempferol and quercetin glycosides during
UV-stress (Hectors et al., 2014). An increased expression of another UGT gene, UGT84A17, was
found in Populus during N-deficient stress, leading to accumulation of caffeoyl-4-coumaroyl- and
cinnamoyl-glucose (Babst et al., 2014). Also, ectopic overexpression of UGT85U1 (Ahrazem et
al., 2015) and UGT85A5 (Sun et al., 2013) were shown to enhance salt and oxidative stress
tolerance. Most recently, some studies showed that overexpression of UGT79B2, UGT78B3 and
UGT76E11 improves cold, salt and drought stress resistance in Arabidopsis via
flavonoid/anthocyanin-mediated antioxidant activity (Li P et al. 2017; Li Q et al. 2018). So far, to
the best of our knowledge, there is only one study that characterized a potential rice UDPglycosyltransferase (Os9BGlu31) to be associated with abiotic stress, as its expression was
induced at the seedling stage by drought stress and phytohormones (Luang et al., 2013). However,
whether Os9Bglu31 is functionally required for drought stress response was not investigated.

Figure 1.7 Glycosylation reaction of anthocyanidin. An UDP-bond sugar is transferred and added to an
anthocyanidin molecule by Flavonoid/Anthocyanin UGTs (FUGTs), forming an anthocyanidin-glycoside
(anthocyanin) (Kumar and Pandey, 2013).

1.8

Quantitative trait loci (QTL) and cold tolerance gene mapping

Because rice is generally considered as a chilling sensitive plant, only a few chilling
tolerance genes have been identified using map-based clone strategy during last two decades (da
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Cruz et al., 2013; Zhang et al., 2014a). Specifically, they include a glutathione transferase gene,
CTS12 (Cold Tolerance of the Young Seedling) (Takesawa et al., 2002; Kim et al., 2011); a
secreted hybrid glycine-rich protein related to a Low-Temperature Germinability QTL, qLTG3-1
(Bubier and Schläppi, 2004; Zhang and Schläppi, 2007; Fujino et al., 2008; Xu et al., 2011); an
F-box protein gene, Ctb-1 (Cold Tolerance at the Booting Stage) (Saito et al., 2010); qCTS-9, a
protein coding gene with unknown function (Zhao et al., 2017); a casein kinase I encoding gene,
LTG1 (Lu et al., 2014); and a leucine-rich repeat receptor-like kinase (LRR-RLK) coding gene,
CTB4a (Zhang et al., 2017). In addition, a landmark study identified Chilling-Tolerance
Divergence 1 (COLD1) as the first gene supposed to be a stress sensor involved in chilling
perception and signaling pathway (Ma et al., 2015).
Although in total more than 60 chilling tolerance Quantitative Trait Loci (QTL) have
been identified previously by bi-parental (O. sativa ssp. Indica × O. sativa ssp. Japonica)
mapping, the genetic diversity in mapping population has been limited due to the almost
exclusive usage of East Asian cultivars as the parents (Mackill and Lei, 1997; da Cruz and Milach,
2004; Mao and Chen, 2012; Ma et al., 2015). Thus, to circumvent this obstacle, many researches
have recently focused on single sequence repeat (SSR) markers and single nucleotide
polymorphism (SNP) markers-based genome-wide association study (GWAS) mapping, which
take advantage of the huge amount of genetic variation within a large collection containing
hundreds of rice cultivars (da Cruz et al., 2013; Fujino et al., 2015; Pan et al., 2015; Zhu et al.,
2015; Lv et al., 2015; Wang et al., 2016a; Shakiba et al., 2017; Schläppi et al., 2017). Specifically,
at the germination stage, GWAS mapping of 63 rice varieties collection from Hokkaido, Japan,
identified 17 QTL (Fujino et al., 2015), and evaluation of the Rice Diversity Panel 1 (RDP1)
revealed a total of 42 QTL (Shakiba et al., 2017). RDP1 seedlings at the three-leaf stage, were
subjected to 3 days of chilling treatment, scored for chilling survivability and GWAS mapping
revealed 67 QTL located on 11 chromosomes (Wang et al., 2016a). A mini-core of 174 Chinese
rice accessions with 5 mm coleoptiles was cold treated for 10 days, scored for chilling recovery
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and GWAS mapping detected 22 QTL for chilling tolerance (Pan et al., 2015). Lastly, evaluation
of a large collection of 529 rice accessions, including 202 accessions from the China Core
Collection and 327 from the World Core Collection, grown under natural winter time chilling
conditions in Wuhan, China and cold shock stress conditions at the four-leaf seedling stage
identified 132 loci associated with at least one of these measures or the associated electrolyte
leakage measurements (Lv et al., 2015). Haplotype analysis of these accessions for the OsMYB2
gene involved with chilling tolerance, revealed the indica-japonica subspecies differentiation,
with the japonica subspecies being more chilling tolerant and having a wider latitudinal
distribution (Lv et al., 2015).
The accessions in the rice mini-core collection (RMC) were selected to represent the
diversity in the USDA rice collection composed of 18,709 accessions obtained from 114
countries (Agrama et al., 2009). The RMC consists of 217 rice accessions originating from Africa
(17 accessions), Australia (1), Central Asia (14), Central America (10), China (20), Eastern
Europe (9), the Mideast (5), North America (6), the North Pacific (11), South America (14), the
South Pacific (24), Southeast Asia (21), South Asia (41), Western Europe (9) and the origin of
one accession is unknown (Li et al., 2010). Genotypic analysis revealed the five major rice
subpopulation groups represented in this collection are the japonica subspecies (hereafter referred
to as JAPONICA) composed of the aromatic subpopulation (6 accessions), tropical japonica (33),
and temperate japonica (34) and the indica subspecies (hereafter referred to as INDICA)
composed of aus (38) and indica (68). Of the remaining 38 accessions, 24 were O. sativa
accessions classified as an admixture of two or more subpopulation groups and 14 accessions
represented other Oryza species, thus were not O. sativa (Li et al., 2010; personnel
communication). This rich genetic diversity makes the RMC attractive for GWAS mapping, as
demonstrated by the marker-trait associations already reported for grain yield and other harvest
index components (Li et al., 2011; 2012), silica concentration (Bryant et al., 2011), resistance to
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rice sheath blight disease (Jia et al., 2012), protein content (Bryant et al., 2013), and pericarp
color (Wang et al., 2016b).

1.9

Main hypothesis

Chilling-tolerant and chilling-sensitive rice cultivars will exhibit natural variations in
expression of downstream protective genes or/and activity of the encoded proteins under chilling
stress.

1.10 Significance

Rice as a crop originates from subtropical regions and is prone to chilling injury leading
to poor germination, delayed development, and reduced yield. Previous studies mainly focused on
the functional impact of class I and II genes under chilling stress, and thus neglected the
identification of many potential downstream class III genes. Thus, this work specifically focused
on exploring and identifying by genetic mapping the class III genes that function as protective
genes in chilling tolerance response in plants
In this study, we present for the first time evidence that a putative rice UFGT gene
ELECTROLYTE LEAKAGE TOLERANCE 1 (ELT1), is associated with a major low temperature
seedling survival (LTSS) QTL, qLTSS4-1 (Schläppi et al., 2017). We present evidence that ELT1
protects the plasma membrane integrity against abiotic stress induced cellular damage by
increasing antioxidant enzyme activity and reducing oxidative stress during abiotic stress.
This study further advanced our knowledge of the molecular and cellular mechanisms
governing the quantitative traits of chilling tolerance in rice. Moreover, this knowledge can be
used to improve the cold tolerance of rice cultivars such that rice farmers can plant rice earlier in
the season without fear that transient chilling spells will significantly decrease stand
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establishment, thus necessitating replanting later in the spring. This study also paves a road to
enhance chilling tolerance ability in rice by genetic engineering specific downstream protective
enzymes rather than large-effect upstream signaling molecules and transcription factors.

38
2

2.1

MATERIAL AND METHODS

Plant material and growth condition

The mapping population for the GWAS mapping project was the Rice Mini-Core (RMC)
collection, a subset of the Genetic Stocks-Oryza (GSOR) collection located at the USDA-ARS
Dale Bumpers National Rice Research Center (USDA-ARS DBNRRC; Stuttgart, AR) (Agrama et
al. 2009; Li et al., 2010). The 203 O. sativa (rice) germplasms of the RMC are categorized into
six subpopulation groups: aromatic (6 accessions), tropical japonica (33), temperate japonica
(34), aus (38), indica (68), and 24 accessions were an admixture of two or more subpopulation
groups (Li et al., 2010). For Bi-parental mapping, two accessions from the RMC,
Krasnodarskij_3352 (cold tolerant temperate japonica) and Carolino_164 (cold sensitive aus)
were used as parents to generate the mapping population. Another two rice reference accessions,
Nipponbare (temperate japonica) and Kasalath (aus), and two Arabidopsis ecotypes, Columbia-0
(Col-0) and Landsberg erecta-0 (Ler-0), were used to generate LOC_Os04g24110 overexpression
(OX) transgenic lines, and the rice accession Zhong Hua 11 (ZH11; temperate japonica) was
used to generate knockout (KO) lines. All Arabidopsis knockout mutants were developed in Col0 background and purchased from SALK Institute (http://www.arabidopsis.org).
Rice seeds were germinated in ddH2O with 0.1% sodium hypochlorite at 37°C in the dark
for three days, then transferred to an AR-66L growth chamber (Percival Scientific, Inc. USA) and
grown under approximately 165 µE photon flux and 12-h light (28°C)/12-h dark (25°C) growth
conditions. Water was replaced by ¼ 38trength Murshighe and Skoog (MS) liquid medium on
day 7. Seeds that failed to germinate or did not develop well were removed before cold treatment
on day 14 (Figure 2.1).
Arabidopsis seeds were surface-sterilized with 1 mL 10% sodium hypochlorite for 5 min
while shaking at 200 rpm. Tubes were briefly spun down, and solution was poured out. Seeds
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were washed with 1 mL sterile ddH2O by shaking for 5 min at 200 rpm. This wash procedure was
repeated three times. Sterilized and washed seeds were picked up using sterile tweezer and placed
on agar-solidified half-strength MS medium for germination in an AR-66L growth chamber under
standard growth condition (16-h light/8-h dark and 22°C light/20°C dark cycles) for two weeks.

2.1.1

Low Temperature Germinability (LTG) assay

For LTG measurements, germination was defined as visible coleoptile emergence
through the lemma and palea (hull). Seeds were incubated on water-soaked filter paper in Petri
dishes, 30-50 per dish, at 101°C with a 10-hr day/14-hr dark photoperiod and 165μE photon flux
in an AR-66L growth chamber (Percival, IA). The Low Temperature-uncorrected (LTG-u) index
was defined as percent germination after 30 days at 10°C. The 10°C temperature point was
chosen because it is at the threshold of survivability for young rice seedlings (reviewed in da Cruz
et al., 2013). For each accession, duplicate plates were randomly distributed in the Percival
growth chamber to control for environmental differences. Chilling tolerant check, Italica Livorno
(temperate japonica; Fujino et al., 2008), and chilling sensitive checks, Zhenshan 97 (indica) and
Hayamasari (temperate japonica; Fujino et al., 2008), all non-RMC accessions, were used as
controls. For each trial, mean LTG-u scores from two Petri dishes were recorded and normalized
with the mean percent germinability of seeds at 28°C, defined as the high temperature
germination index HTG. The LTG index was calculated as (LTG-u divided by HTG) times 100
(Figure 2.1).
LTG was evaluated in 2010 (two replications), 2011 (one replication) and 2012 (one
replication). For statistical analysis, the zero values for LTG, in other words, the accessions which
exhibited no chilling tolerance, were replaced with 0.25. The generalized linear mixed model in
SAS (SAS Institute, 2012), procedure GLIMMX, was used to compute the least squares means
(LSmeans). For LSmeans estimated across years, year was treated as a block effect and the
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individual accessions were treated as a fixed effect. These adjusted LSmeans were used for the
GWAS mapping.

2.1.2

Plumule Growth Rate after Cold Germination (PGCG) assay

To determine PGCG, Petri dishes with 30 rice seeds each, were first germinated at
101°C with a 10-hr day/14-hr dark photoperiod and 165μE photon flux in an AR-66L growth
chamber for 30 days (similar to LTG), coleoptile lengths of 10 randomly selected seeds were
recorded. Plumule lengths were then measured four days after recovery at 281°C and averaged.
Mean plumule growth rates after cold germination of 10 young seedlings from two randomly
distributed Petri dishes were calculated as PCGC, (mean plumule length at day 4 minus mean
coleoptile length at day 0) divided by 4. This value reflected the growth rate of the
coleoptile/plumule over an initial 4-day-period. Chilling tolerant check, Italica Livorno, and
chilling sensitive check, Zhenshan 97 were used as controls. The PGCG trail was conducted one
time with duplicate sampling and arithmetic means were calculated for GWAS mapping (Figure
2.1 and Figure 2.2).

2.1.3

Low Temperature Seedling Survivability (LTSS) assay

For LTSS measurements, rice seedlings were grown at 281°C with a 10-hr light period
and 165μE photon flux in an AR-66L growth chamber for two weeks in Petri plates on watersoaked cheese cloth, 30-50 plants per plate, until they reached approximately the 2-leaf-stage (V2;
Counce et al., 2000). After two weeks, seeds that failed to germinate or grow were removed and
the number of healthy seedlings recorded. The temperature was then lowered to 101°C for one
week and raised again to 281°C for one week of recovery growth. The mean percent
temperature seedling survivability for each accession was calculated as LTSS, (number of green
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and healthy looking seedlings after one week of recovery growth divided by the number of initial
healthy looking seedlings) times 100. The chilling tolerant check Italica Livorno, and either
chilling sensitive checks Zhenshan 97 or IR65 (indica), all non-RMC accessions, were used as
controls.
LTSS was measured as five different trials conducted twice in 2011 (2011a and 2011b),
once in 2012, 2015 and 2016. The 2011a trial had duplicate sampling, thus the overall mean was
weighted to account for the duplicate sampling. For statistical analysis, the zero values were
replaced with 0.25, as discussed for LTG, for the single year data and for the combined years,
LSmeans were estimated across years as described for LTG (Figure 2.1 and Figure 2.2).

2.1.4

Plumule Recovery Growth after Cold Exposure (PGC) assay

To determine PGC, the mean leaf length of two-week old seedlings at the V2 stage,
before cold exposure, was recorded, and then again after one week of recovery growth at 281°C
following a one-week chilling stress treatment at 101°C. Both treatments were done with a 10-hr
day/14-hr dark photoperiod and 165μE photon flux in an AR-66L growth chamber. The mean
percent leaf recovery growth rate after cold exposure was calculated as PGC, [(plumule length
after one week of recovery growth minus plumule length before cold exposure) divided by
plumule length before cold exposure] times 100. Chilling tolerant check Italica Livorno and either
chilling sensitive check, Zhenshan 97 or IR65, were used as controls. Dead seedlings were
excluded from measurements and if all seedlings of one accession died during the recovery period,
a value of zero was recorded.
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PGC was measured in three different trials conducted in 2010, 2011 and 2016. The
procedure GLIMMX was used to estimate LSmeans averaged across years. Year was treated as a
block type replication. Data was transformed using the log of PGC + 1 prior to analysis. For
statistical analysis, the zero values were replaced with 0.25 (Figure 2.1 and Figure 2.2).

Figure 2.1 Schematic diagram of temperature changes and growth periods used for the five chilling
tolerance indices assessed in this study. Low Temperature Germinability (LTG): Mean percent germination
of seeds after 30 days of incubation at 10±1°C was normalized with the mean percent germination of seeds
at 28±1°C (high temperature germination index, HTG). Plumule Growth rate after Cold Germination
(PGCG): After 30 days of germination at 10 ±1°C, seeds were incubated at 28±1°C for 4 days, and (mean
plumule length at day 4 minus mean coleoptile length) was divided by 4. Low Temperature Seedling
Survivability (LTSS): After 2 weeks of growth at 28 ±1°C, healthy seedlings were incubated for 1 week at
10±1°C, then again at 28±1°C for 1 week of recovery growth, and (the mean number of green and healthy
looking seedling after 1 week of recovery growth divided by the number of the initially healthy looking 2week-old seedlings) was multiplied by 100. Plumule recovery Growth after Cold exposure (PGC): The
mean leaf length of seedlings after 2 weeks of growth at 28±1°C was recorded as the Plumule growth at
High temperature (PGH) index, then again measured after incubation for 1 week at 10±1°C and 1 week of
recovery growth at 28 ±1°C. The mean plumule length after one week of recovery growth was normalized
by subtraction of PGH and division of that number by PGH and multiplied by 100. Low Temperature
Survival (LTS): After 30 days of germination at 10±1°C, seeds were incubated for 2 weeks at 28±1°C
followed by selection of healthy seedlings, which were incubated for 1 week at 10±1°C, then for 1 week of
recovery growth at 28±1° C, and (the mean number of green and healthy looking seedling after one week of
recovery growth divided by the number of the initially healthy looking two-week-old seedlings) was
multiplied by 100 (Adopted from Schläppi et al., 2017).

2.1.5

Low Temperature Survival (LTS) assay

The mean percent of overall low temperature survival for each accession was determined
after two cold stress treatments, one during germination, and the other at the seedling stage. First,
rice seeds were germinated at 101°C for 30 days (similar to LTG) followed by two weeks of
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growth to the V2 stage at 281°C. Second, healthy looking, approximately 2-leaf stage seedlings,
were selected and incubated for one week at 101°C followed by one week of recovery at
281°C (similar to LTSS). The mean percent of overall low temperature survival for each
accession was calculated as LTS, (number of green seedlings after one-week recovery of growth
divided by the number of initial healthy seedlings) times 100. Chilling tolerant check, Italica
Livorno, and either chilling sensitive check, Zhenshan 97 or IR65, were used as controls.
LTS was measured in two trials conducted in 2011 and 2012. For statistical analysis,
procedure GLIMMX was used to estimate means averaged across years. Year was treated as a
block type replication. A binomial distribution with a logit link was used to describe the survival.
Prior to analysis, the zero values were replaced with 0.25.
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Figure 2.2 Examples of the five chilling tolerance indices assessed in this study. (A) Low Temperature
Germinability (LTG) measures the percent germination of seeds after 30 days of incubation at 10 ±1°C.
First row, ~100% LTG; second row, ~50% LTG; third row, ~10% LTG. (B) Plumule Growth after Cold
Germination (PGCG) measures the growth rate of young seedlings at 28 ±1°C after 30 days of germination
at 10 ±1°C. The first row illustrates high PGCG and the second row low PGCG. (C) Low Temperature
Seedling Survivability (LTSS, left two plants), measures the survivability of two-week-old seedlings after 1
week of incubation at 10 ±1°C and one week of recovery growth at 28 ±1°C. ~100% LTSS (far left) vs.
~0% LTSS (second from left). Plumule Growth after Cold (PGC, right two plants) measures the ability to
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resume growth at 28 ±1°C after 1 week of incubation at 10 ±1°C. ~100% PGC (2-fold increase; second
from right) vs ~0% PGC (green but no growth; far right) (Adopted from Schläppi et al., 2017).

2.1.6

Electrolyte Leakage (EL) assay

Four approximately equally sized tissue sections from different leaf blades were collected
from rice or Arabidopsis seedlings immediately after the low-temperature stress treatment,
washed in ddH2O, and transferred into a screw cap glass tube filled with 5 mL of ddH2O. Tubes
were shaken on a rotary shaker at 200 rpm for 1 hr to release cellular electrolytes from damaged
leaf cells into the ddH2O, and conductivity to determine electrolyte leakage (EL) for each of the
quadruplicate leaf samples was measured twice in 60 µl of the solution applied to a hand held
conductivity meter (HORIBA Scientific, LAQUA twin B-771, Japan). Care was taken to make
sure that glass tubes were free of ions and that the ddH2O used had no significant conductivity.
After the initial EL measurement, tissues were incubated in boiling water for 10 min to release
the total electrolyte content of all cells and after cooling down to room temperature, shaken at 200
rpm for another 1 hr. EL for each treated cultivar was determined as %EL [(initial EL divided by
total EL) times 100].

2.2

GWAS mapping

The multi-year least squares means (LSmeans) for LTG, LTSS, PGC, LTS and PGCG,
were used to calculate the Pearson’s correlation coefficients r. The PEARSON function in
Microsoft Excel was used to calculate the r coefficients. The t was calculated as t = r × SQRT(N2)/SQRT(1-r2) where N was the observation number. The TDIST function in Excel was used to
calculate p from t. The GWAS mapping was carried out using total 157 markers including 148
single sequence repeat (SSR) markers, three insertion/deletion (InDel) markers and six SNP
markers (Bryant et al., 2011). Before performing GWAS mapping, the population structure of
RMC was examined using the model-based program STRUCTURE (Pritchard et al., 2000). And
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the major patterns of variation in multi-locus data set was analyzed and summarized by Principal
Component Analysis (PCA) using JMP Genomics in SAS (SAS Institute Inc., 2012). To improve
the distribution of five phenotypic parameters, the generalized linear mixed model procedure
GLIMMX in SAS was used to calculate the Lsmeans. The GWAS-based mapping was conducted
using TASSEL 3.0 software (Bradbury et al., 2007). The linear mixed model was included to
analyze population structure and kinship. The degree of linkage disequilibrium (LD) was
determined as the squared allele frequency correlation estimates (r2, Weir, 1996) and to determine
the significance of r2. The ratio of the expected and the observed p-value test statistics for the
SSR markers were plotted (Q-Q plot) to evaluate the control false positive errors after multiple
operations, as previously described for RMC accessions (Bryant et al., 2011; Li et al., 2011;
2012). The P-value (<0.01) was defined as significant for the marker-parameter association. The
individual trails run for each parameter were independent to mitigate environmental and temporal
impacts. Logarithm of odds (LOD) scores were calculated as –log10p.

2.3

Bi-parental mapping

The bi-parental mapping project was meant to serve to further complement and confirm
GWAS mapping results, and to reduce the total number of chilling tolerance candidate QTL by
matching them with those identified in GWAS mapping project. First, 10 accessions with the
highest and lowest chilling tolerance scores (sum of the average scores of all five phenotypic
parameters) from the RMC collection were selected. Then, GWAS data was used to calculate the
allele effects for each of the 37 QTL, and chilling tolerant and sensitive accession pairs with
similar flowering times were selected for breeding material. By applying these rubrics, two
parental cultivars, a representative chilling tolerant temperate japonica accession
KRASNODARSKIJ 3352 (LTSS = 81.9%) from Russia and a representative chilling sensitive
indica accession CAROLINO 164 (LTSS = 9.8%) from Chad, were selected and crossed to
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generate F1 progenies. This was followed by self-propagation of F1 plants to generate more than
200 F2 progenies (grown in bed paddies on the roof of the Dept. Biological Sciences). Of these
200 F2 seeds, 100 were grown and genotyped using 60 SSR markers overlapping with those used
in GWAS mapping that were distributed all over 12 chromosomes to identify large-effect QTL.
The LTSS and PGC phenotypic data of the F3 progenies generated from self-pollination of their
respective individual F2 plants were measured and correlated with the genotypic data of F2 plants.
JoinMap 4.0 (Van Ooijen 2006) was used to calculate the marker distances and to assign the
linked markers to linkage groups. WinQTL Cartographer v2.5 was used for QTL analysis of this
F2 population (Wang et al. 2007). Correlation between SSR markers and chilling tolerance traits
was performed by single marker analysis. QTL-related data (locations, effects and significance)
of all putative QTL was analyzed using the multiple interval mapping (MIM) method, and p<
0.05 was used to claim significant QTL.

2.4

Identification of candidate genes related to chilling tolerance QTL

Candidate genes at or near the QTLs reported in this study were identified in the QTARO
database (Yonemaru et al., 2010). The candidate gene positions were updated to the most recent
IRGSP 1.0 annotation using RiceXpro (Sato et al., 2011).

2.4.1

Selection of chilling tolerance candidate genes associated with qLTSS4-1

Using publically available databases, the genomic 1 Mb region upstream and downstream
from the small sequence repeat (SSR) marker RM3317 associated with the strong-effective low
temperature seedling survival (LTSS) quantitative trait locus (QTL) qLTSS4-1 was scanned for
putative cold tolerance candidate genes as follows: (1) Gene Ontology Consortium
(http://www.geneontology.org) and QTARO (Yonemaru et al., 2010) were used to assign
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functions logically connected to the three potential chilling tolerance gene classes sensing/signal
transduction; transcription factor; and effector gene; or as “hypothetical”. (2) The Rice
Expression Profile Database (http://ricexpro.dna.affrc.go.jp) was used to select genes that were
predominantly expressed in tissues associated with LTSS, such as seedling, leaf, and also root. (3)
The “final_rice_v7_expression_matrix_48columns.txt” file form the MSU Rice Genome
Annotation Project (http://rice.plantbiology.msu.edu/index.shtml; Kawahara et al., 2013) was
used to select genes that were cold-induced and differentially expressed between the two
reference genomes Nipponbare (temperate japonica) and 93-11 (indica), and supplemented with
information from previously published differential gene expression studies done under lowtemperature stress (Yun et al., 2010; Zhang et al., 2012; Chawade et al., 2013). (4) The SNP-Seek
finder (http://snp-seek.irri.org; Alexandrov et al., 2015) and RiceVarMap
(http://ricevarmap.ncpgr.cn; Zhao et al. 2014) browsers as well as proprietary RMC resequencing data (Wang et al., 2016b) were used to select candidate genes with single nucleotide
polymorphisms (SNPs) in the coding and upstream regulatory regions of chilling tolerant and
chilling sensitive accessions, with special emphasis on those SNPs that generated nonsynonymous amino acid substitutions.
Taken together, a gene was considered a probable chilling tolerance gene associated with
qLTSS4-1 if it was annotated either as sensing/signal transduction, transcription factor, or
effector; was expressed predominantly in seedling tissues; was differentially expressed between
temperate japonica and indica accessions; was cold induced; and had SNPs in both the upstream
regulatory and coding regions, the latter generating non-synonymous amino acid substitutions. A
haplotype map was then generated for those genes using the RiceVarMap browser and RMC resequencing data, and those where the haplotype region was in linkage equilibrium were selected
as the most probable candidate gene(s).
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2.4.2

Correlation of InDel variation in LOC_Os04g24110 3’ UTR with LTSS phenotype
A significantly correlated genetic marker (RM16662) used in GWAS and bi-parental

mapping projects was used to detect the potential InDel variation within the 3’UTR of the
Os04g24110 transcript. Genomic DNA of 96 representative RMC cultivars was extracted
(method seen below). PCR was conducted using primer pair Forward: 5’TGTTGAAGGAGATACACCGAAACC-3’; Reverse: 5’-TAGGATGTTAAAGCGCCACTTGC3’. After separating PCR products by electrophoresis (method seen below), pictures were
captured and printed out. The distance standard curve with x-axis as distance to the loading point
and y-axis as size of bands was developed using Hi-Lo™ DNA marker (Bionexus, CA, USA) as
the reference. The distance of each PCR products to the loading wells was measured with a
student ruler, and the corresponding sizes were determined using an exponential chart.

2.4.3

Functional effect modeling of three SNP in the Os04g24110 coding sequence.

The basic geneic information of candidate genes within the folding region was retrieved
from the MSU Rice Genome Annotation Project (v.7). Haplotype analysis was conducted using
the RiceVarMap database. Bioinformatic modeling of the potential structure of the Os04g24110
protein and SNP localization was achieved by using Chimera 1.10.1 software using a previously
characterized structure of a related protein in Arabidopsis retrieved from the RCSB Protein Data
Bank (PDB) (ID: 2VCE; Brazier-Hicks et al., 2007). Functional effect analysis of an amino acid
change was conducted using “PredictProtein” (https://www.predictprotein.org).

2.5

2.5.1

Assessments of low-temperature and salt stress tolerance of rice and Arabidopsis plants

Stress treatment
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All seeds of rice wildtype accessions and transgenic plants were germinated and grown as
described above. For transcriptional expression assays, two-week-old RMC wildtype plants were
exposed to chilling stress at 4 °C for 7 hrs. For transgenic plants, cold temperature stress
conditions were as follows: two days of continuous 10°C exposure for Kassalath OX transgenic
lines, and four days of continuous 4°C exposure for Nipponbare OX transgenic and ZH11 KO
lines. Stress treatment was done under 12-h light/12-h dark photoperiod. All chilling stressrelated assays were done after completion of the respective cold temperature stress treatments.
For freezing stress in Arabidopsis, two-week-old seedlings, either Col-0 and Ler-0 wildtype plants or rice cold tolerance candidate gene OX transgenic lines were subjected to freezing
stress using a circulating bath (Polyscience #AD20S150-A11B, USA). 10-12 individual plants
were carefully removed from agar-solidified half-strength MS medium containing plates and
transferred onto a stack of 5 cm x 5 cm pre-wet Light-Duty Tissue Wipes (VWR, Radnor, PA) in
50 mL conical tubes and covered with pre-wetted wipes to maintain humidity. The wipes with
plants were placed on 25 mL wet beach sand in a 50 mL test tube. Sand was used to weight the
tube down into the circulating bath full of anti-freezing polyethylene glycol, of which the
temperature could reach as low as -20°C without freezing. These test tubes were incubated in the
circulating bath at -2°C for 15 min followed by an immediate introduction of approximately 50 µl
of ddH2O ice chips to promote the ice nucleation process in plant tissues. After further incubation
in the bath with a cooling rate of 0.5°C /hr for another 1 hr, tubes were collected and allowed to
thaw overnight at 4°C in dark. Thawed plant tissues were subjected to different phenotypic assays
except for assessment of LTSS, for which plants were transferred to pre-wet filter papers and
incubated at standard growth conditions (16-h light/8-h dark and 22°C light/20°C dark cycles) to
recover for another week before the survivability score was taken. Survivability %= number of
survived plants / numbers of total stressed plants x 100%.

51
For cold germination assays, 100 Arabidopsis seeds of Col-0 wildtype and transgenic
lines were surface-sterilized and grown on ½ MS plates. Each plate had 20-25 seeds per wild type
or transgenic lines on a single agar plate, and the position of seeds from each line was roated on
three different plates to account for potential differences in position effects. These plates were
incubated under standard warm (16-h light/8-h dark and 22°C light/20°C dark cycles) or cold
stress conditions (16-h light/8-h dark and 10°C light/10°C dark cycles) for two weeks.
Germination of individual seeds was visually identified by the emergence of the small white
coleoptile from the seed coat. Germination rate was calculated as % germination = [(number of
seeds with radicle protrusion divided by the number of total seeds) times 100] and averaged, and
cold temperature germination rates were normalized by warm temperature germination rates to
account for maximum germination potential under standard warm conditions.
Salt stress germination assays in Arabidopsis were done as described previously (Xu et
al., 2011). Briefly, approximately 100 surface sterilized seeds of Ler-0 Arabidopsis wild type and
of two homozygous transgenic lines overexpressing a putative rice cold tolerance gene were
positioned in a grid onto agar-solidified half-strength MS medium supplemented with various
concentration of NaCl (0 mM, 50 mM, 100 mM, 150 mM, 200 mM) and germinated for two
weeks under standard growth conditions (16-h light/8-h dark and 22°C light/20°C dark cycles).
Each plate had 33-35 seeds per wild type or transgenic line on a single agar plate, and the position
of seeds from each line was changed on three different plates to account for potential differences
in position effects. Each day during the two-week incubation period, germination rates of the 3335 seeds per line per plate were determined as % germination = [(number of seeds with radicle
protrusion divided by the number of total seeds) times 100] and averaged, and germination rates
on salt was normalized by germination rates on regular ½ MS agar plated to account for
maximum germination potential under standard growth conditions.
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2.5.2

Genomic DNA extraction

About 100 mg plant tissue was ground to a fine powder in a frozen mortar using a frozen
pestle and liquid nitrogen. 700 μL of 2x CTAB extraction buffer [1.4 M NaCl; 100 mM Tris-HCL,
pH 8.0; 2% (w/v) cetyltrimethylammonium bromide (CTAB); 20 mM EDTA, pH 8.0; 1% (w/v)
polyvinylpyrrolidone (PVP)] and fresh 7 μL β-mercaptoethanol were added to the tissue powder
followed by incubation in a 65°C water bath for 1 hr while being mixed every 10 min after which
500 μL of 24:1 (v/v) chloroform: iso-amyl alcohol was added to each sample. This mixture was
briefly centrifuged and placed on a rotary shaker for 20 min to 1 hr at room temperature. The
mixture was centrifuged at 11,000 rpm for 10 min at room temperature and only the supernatant
was transferred to a clean tube with a blunt end pipette tip, and 1 μL RNase (10 mg/mL) was
added to each tube and incubated at 37°C for 1 hr. The chloroform: iso-amyl alcohol extraction
was repeated once, and 0.8 volume (approximately 320-330 μL) of cold (-20°C) isopropyl
alcohol was added to each sample, and the tubes were inverted to precipitate DNA. Samples were
incubated overnight at -20°C. Tubes were briefly inverted and centrifuged for 10 min at 14,000
rpm, followed by carefully pouring off the liquid without disturbing the small white pellet at the
bottom of tubes. The pellet was washed twice with 700 and 500 μL of 70% ethanol, respectively,
and tubes were spun for 5 min at 14,000 rpm. The pellet was air-dried in the tubes with the lid
open lying on a paper tower for at least 1 hr or more. The DNA pellet was dissolved with addition
of 150-200 μL nuclease-free water and store at -80°C.

2.5.3

Total RNA extraction

Approximately 100 mg of plant tissue was crushed into a fine powder in a frozen mortar
using a frozen pestle and liquid nitrogen. 750 μL RNA extraction buffer (7.5 M guanidine
hydrochloride, 25 mM sodium citrate, 0.5% w/v sodium lauryl sarcosine, 0.1 M β-
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mercaptoethanol) was added to the tissue powder in a 1.5 mL microcentrifuge tube and vortexed
rigorously. The mixture was homogenized at room temperature for 10 min while shaking every 2
min. After centrifugation at 14,000 rpm, the supernatant was transferred to a new tube and
extracted three times with an equal volume of phenol: chloroform: isoamyl alcohol (24:24:1
v/v/v), followed by vortexing thoroughly and incubating at room temperature for 5 min each time.
The mixture was then centrifuge at 14,000 rpm for 10 min for the first time and 5 min for
subsequent times. The supernatant was extracted one more time with an equal volume of
chloroform: isoamyl alcohol (24:1 v/v), vortexed thoroughly, and incubated at room temperature
for 5 min, followed by centrifuging for 5 min at 14,000 rpm. Total RNA was precipitated with an
equal volume of isopropyl alcohol and 0.1 volume of 3M NaOAc. The mixture was then briefly
mixed and stored overnight at -20°C or at -80°C for 1 hr. Precipitated RNA was centrifuged for
30 min at 4°C and 14,000 rpm. The white RNA pellet was washed with cold 70% DEPC-treated
ethanol and inverted to mix. The ethanol mix was carefully poured out and the pellet air-dried
briefly. The pellet was dissolved in 50 μL of DEPC-treated water while heated at 65°C for 30 min
and up and down pipetting to increase RNA solubility. The concentration and purity of total RNA
was determined using a NanoDrop 2000/2000c spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).

2.5.4

Reverse transcription

For first-strand cDNA synthesis, 2 μg total RNA sample was combined with 1 μL of 100
mM oligo-d(t) primer and DEPC-treated water, bringing the total volume to 12.5 μL. The mixture
was heated at 70°C for 10 min to denature the potential RNA secondary structure and shocked on
ice for 2 min to facilitate annealing of the oligo-d(t) primer with mRNA templates. A working
solution of 4 μL of 5x reverse transcription buffer (Promega, Madison, WI), 0.5 μL of 20 mM 4
dNTPs, 2 μL of 0.1 M 1,4-dithiothreitol (DTT), and 1 μL of 200U/ μL M-MLV reverse
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transcriptase (Promega)] was combined with the RNA/oligo-d(t) mixture and incubated at 42°C
for 50-60 min. The process was deactivated by incubating the reaction mixture at 70°C for 15 min.

2.5.5

Standard PCR, semi-quantitative RT-PCR, and quantitative RT-PCR

The standard PCR and semi-quantitative RT-PCR was carried out using the following protocol:
2 μL

10x PCR buffer

1.2 μL

25 mM MgCl2

1 μL

genomic DNA or 20-fold diluted first-strand cDNA

0.4 μL

12 mM forward primer

0.4 μL

12 mM reverse primer

0.2 μL

20 mM 4 dNTPs

0.2 μL

1U/ μl Bullseye Taq Polymerase (MIDSCI, St. Louis, MO)

14.6 μL

dd H2O

The PCR program was: Denaturing at 95°C for 5 min followed by 28 cycles of 95°C for 15 sec,
55-60°C for 30 sec, 72°C for 1 min, followed by a 10 min final extension at 72°C.

The quantitative (q) RT-PCR system was as follows:
2 μL

20-fold diluted first-strand cDNA

0.5 μL

12 mM forward primer

0.5 μL

12 mM reverse primer

10 μL

10x SYBR green universal supermix (Bio-Rad, Hercules, CA)

14.6 μL

dd H2O

The qRT-PCR program was: Denaturing at 95°C for 5 min, followed by 40 cycles of 95°C for 15
sec, 55°C for 30 sec, and 72°C for 1 min, using the Bio-Rad FX960 qPCR thermocycler.
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2.5.6

2.5.6.1

Genomic cloning and plant transformation

PCR amplification of the Os0424110 promoter and coding sequence

Because the Os0424110 gene does not have any introns, genomic DNA of a chilling
tolerant temperate japonica (KRASNODARSKIJ 3352) and a sensitive aus (CAROLINO 164)
reference accessions were used as templates to amplify a proximal promoter (500 bp upstream
from the start codon) and the entire coding sequence to generate recombinant DNA constructs.
All PCR amplifications of genomic DNA were done using the Invitrogen Platinum SuperFi DNA
polymerase (Thermo Fisher Scientific, Waltham, MA) and 0.5 µl of ExTaq DNA polymerase
(Takara Bio USA, Mountain View, CA) was added at the end of the PCR reactions to add
adenines to the 3’-ends of the PCR products. To generate OX constructs, the Os04g24110 cds
was amplified using primers AGATCTACTTATTTTGTGGGTTTCGGTG (BglII site underlined)
and GAATTCGCTCCAGGCCGGTCATG (EcoRI site underlined). To generate Os04g24110
promoter-LUCIFERASE (LUC) reporter gene constructs, genomic DNA was amplified using
primers GGTACCGAGGAAACAGCACCCGCATAC (KpnI underlined) and
GGATCCTGACCGGCCTGGAGCTAGC (BamHI site underlined). To generate Os04g24110enhanced green fluorescent protein (eGFP) fusion protein constructs, genomic DNA was
amplified using CTCGAGCTCCACTGCTAGCTCCAG (XhoI site underlined) and
AGATCTTTTTGTGGGTTTCGGTGTATCTCCTTC (BglII site underlined). Additionally,
synthesized self-complimentary double strand DNA of the Os04g24110 cds sequence
GGCAGGCGACGACATGGTCCGGGA (BsaI site underlined) and
AAACTCCCGGACCATGTCGTCGCC (BsaI site underlined) were directly used as sgRNA
targets without PCR amplification. To generate Os04g24110 protein expression constructs, the
full-length cds was amplified using primer AGATCTATGGCGGCGGCTGGTCA (BglII site
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underlined) and GAATTCACTTATTTTGTGGGTTTCGGTG (EcoRI site underlined). Sequence
of all DNA fragments used in this study were confirmed by sequencing.

2.5.6.2

Electrophoresis, gel extraction, and ligation of DNA fragments into the pGEM-T vector
PCR products and self-complimentary double strand DNA fragments were separated and

visualized by electrophoresis in 1x TAE buffer [40 mM Tris (pH 7.6), 20 mM acetic acid, 1 mM
EDTA] on a 1% (w/v) agarose gel containing 1µg/mL ethidium bromide. Gels were run at 120 V
for up to 1 hr. DNA fragments were visualized under UV light and recorded using the UVP
GelDoc-It®2 Imaging Systems (Analytik Jena, USA). DNA fragments of interest were cut out
from gels using a razor blade and extracted using the QIAquick Gel Extraction Kit (QIAGEN,
Germany) following the manufacture’s instruction. Extracted pure DNA was ligated into the
pGEM®-T vector (Promega) following the manufacture’s instruction.
The pGEM-T ligation reaction system was as follows:
5 μL

2x Rapid ligation buffer

0.5 μL

pGEM-T vector (25 ng)

1 μL

T4 DNA ligase (3 units)

x μL

PCR product

x μL

ddH2O added to a final volume of 10 μL

2.5.6.3

Preparation of competent E. coli cell

E. coli strain DH1 was made competent by the following procedure: 50 mL of modified
Luria Bertani (LB) medium A (LB broth supplemented with 10 mM-MgSO4∙7H2O and 0.2%
glucose to increase plasmid DNA transformation efficiency) was inoculated with 0.5 mL of an
overnight DH1 E. coli culture and grown to mid logarithmic phase (OD595=0.45-0.5), after
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which the culture was shocked on ice for 10 min and centrifuged at 4°C at 1500 g for 10 min.
Medium A was carefully poured of and the cell pellet resuspended in 0.5 mL pre-cooled medium
A without vortexing after which 2.5 mL pre-cooled medium B [LB broth supplemented with 36%
glycerol, 12% Polyethylene glycol (PEG), and 12 mM MgSO4∙7H2O] was added and mixed
gently without vortexing. The resulting competent cell culture was divided into 0.1 mL aliquots
and stored at -80°C. To verify the transformation efficiency, competent cells were transformed
(protocol below) with 1 μL of 1, 0.1 and 0.01 ng/μL pUC18 or pUC19 plasmid DNA and
incubate at 37°C overnight. The transformation efficiency was calculated as: number of colony
forming units (cfu)/μg of plasmid DNA. Typically, a minimum of 1x107 cfu was achieved using
this protocol.

2.5.6.4

Heat-shock transformation of competent E. coli cells

The ligation system of pGEM-T vector and PCR generated DNA fragments were
incubated with 0.1 mL competent DH1 cells on ice for 30 min. Then the mixture was subjected to
a heat shock at 42°C for 45 sec and immediately shocked on ice for 2 min. It was then diluted
with 0.9 mL of plain LB medium and incubated at 37°C for 1 hr to allow the expression of the
ampicillin resistance gene. Approximately 200 μL of this mixture was added and streaked onto
agar plates containing 100 mg/L ampicillin and incubated overnight at 37°C. Single colonies
were picked up and grown overnight in 3 mL LB medium containing 100 mg/L ampicillin. 850
μL of cultures containing plasmids with inserts were mixed with 150 μL 100% glycerol and
stored at -80°C.

2.5.6.5

Electroporation transformation of competent BL21 E. coli cells
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Cuvettes for electroporation were pre-cooled in -20°C before use. An aliquot of The
BL21 competent cells (50-100 μL) stored at -80°C were thawed on ice. About 50 ng plasmid
DNA was added to thawed cells and gently pipette up and down to mix. The mixture was
transferred to a cold cuvette and tapped a few times to remove air bubbles. Cuvette was inserted
into the holder slot of an Eppendorf Eporator® 2510 electroporator (Eppendorf, USA). The
electroporation was carried out by pressing the “pulse” button twice (1600v). The cuvette was
taken out and resuspended immediately with 1 mL LB medium. The mixture was transferred back
to the 1.5 mL tube and recovered at 37°C for 1 hr with shaking. The culture was plated on agar
plate containing respective antibiotics and incubated at 37°C overnight

2.5.6.6

Mini-prep of E. coli plasmid DNA and Sanger sequencing

The Mini-prep of E. coli plasmid DNA was achieved using QIAprep Spin Miniprep Kit
(QIAGEN, Germany) by following the manufacture’s instruction. Plasmid DNA concentration
was determined using a NanoDrop 2000/2000c spectrophotometer (Thermo Scientific). The
sequence of the insert DNA fragment in plasmid DNA was determined by Sanger sequencing
(GENEWIZ, USA).

2.5.6.7

Subclone

All restriction enzymes with buffers were purchase from New England Biolabs (NEB.Inc
USA). All digestion reactions were carried out in a 20 μL system, except 40 μL used for those
containing restriction enzymes that are prone to generate star activity. The 20 μL system used was
as follows:
1-2 μL

plasmid DNA (100-200 ng)

0.5-1 μL

restriction enzyme A
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0.5-1 μL

restriction enzyme B

2 μL

10x digestion buffer (suggested by “Double Digest Finder” by NEB)

Up to 20 μL

dd H2O

The digested DNA fragments of interest were separated by electrophoresis and extracted
as described previously. Ligation was done using T4 DNA ligase system (Roche, USA) by
following the manufacture’s instruction. The molar concentration of insert DNA was at least five
times of vector.
To subclone, the ELT1 cds fragment in pGEM-T was ligated into the BamHI and EcoRI
sites between the strong MAC promoter and mannopine synthase terminator within the binary
vector pPZP211. Os04g24110 promoter:: LUCIFERASE (LUC) construct was ligated into the
KpnI and BamHI sites in front of the LUC reporter gene within the binary vector pPZP211. To
generate Os04g24110::enhanced green fluorescent protein (eGFP) fusion protein constructs, the
cloned fragment was first subcloned into the pA7-eGFP vector at XhoI and BamHI sites. Then
this Os04g24110::eGFP construct was subcloned again into the pPZP211 vector at HindIII and
EcoRI sites. To generate Os04g24110 KO lines in the rice accession ZH11, the selfcomplementary DNA fragment was directly ligated into the CRISPR-Cas9 vector pRGEB31
plasmids (Ma and Liu, 2016) at the BsaI site. Os04g24110 ORF expression fragment was ligated
into an expression vector pGEX-6p-1 at BamHI and EcoRI restriction sites fused with a
Glutathione S-transferase (GST) tag. This construct was then transformed by electroporation into
a E. coli strain BL21 specialized for protein expression as described above.

2.5.6.8

Preparation of competent Agrobacterium cell

In this study, the two Agrobacterium strains ABI1 and AGL1 were used to make
competent cells for transformation. To do so, a single colony of the Agrobacterium strain of
choice was inoculated into 3 mL LB medium in a 15 mL snap-cap culture tube. This was shaked
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with corresponding antibiotics at 30°C on a shaker at 200 rpm overnight. 0.5 mL of the overnight
culture was then inoculated into 50 mL plain LB medium in a 250 mL flask and grown at 30°C
until mid-log (OD600=0.5-1.0). The culture was immediately chilled on ice for 5-10 min,
followed by centrifuge in a chilled, sterile 30 mL centrifuge tube at 4200 rpm at 4°C for 10 min.
The supernatant was removed, and tubes were drained by inverting upside down for 30-60 sec.
The cell pellet was resuspended in 1 mL of ice-cold 20 mM CaCl2. The mixture was then
aliquoted in to 0.25 mL and stored at -80°C.

2.5.6.9

Transformation of competent Agrobacterium cell

The subclone constructs were transformed into Agrobacterium strain ABI1 for
transformation to Arabidopsis and rice using the freeze/thaw method. Briefly, about 1µg of
plasmid DNA was added into competent ABI1 Agrobacterium cells on ice and incubated for 5
min. The mixture was frozen and incubated in liquid nitrogen for 5 min and immediately thawed
and incubated at 37°C in a water bath for 5 min. 1 mL LB media was added and shaken for 2-4
hours at 28°C. The resulting LB media was spread on LB plates containing appropriate antibiotics.
Plates were then incubated at 28°C for two days for successfully transformed cells to grow. These
cells were then stored at -80°C until needed.

2.5.6.10 Agrobacterium-Mediated Transformation of Plants

2.5.6.10.1 Arabidopsis transformation

For Arabidopsis transformation, we applied a typical Agrobacterium-mediated floral
dipping method described previously (Clough and Bent, 1998) with some minor modifications.
Briefly, a 50 mL Agrobacterium culture transformed with MAC:: Os04g24110 construct was
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centrifuged at 4200 rpm and 4°C for 10 min and resuspended in 50 mL 5% sucrose solution. This
solution was centrifuged again at 4200 rpm and 4°C for 10min. Briefly drained cell culture was
resuspended with 30 mL 0.05% silwet L-77 dissolved in 5% sucrose solution. The inflorescence
of Arabidopsis plant was dipped into this solution for 2-3 sec while gently being shaken. The
dipped plants were kept in dark with high humidity for 16 to 24 hrs before transferring to a
normal growth condition. The successfully transformed Arabidopsis seeds were selected by
growing on the half-strength MS medium containing 50 mg/L kanamycin (resistance conferred by
pPZP211 vector). And homozygous lines were determined by the absence of kanamycin sensitive
phenotype in at least 100 F2 progenies. The F3 and F4 homozygous OX transgenic seeds were
used in this study.

2.5.6.10.2 Rice transformation

The same MAC:: Os04g24110 construct in pPZP211 vector used in Arabidopsis
transformation was used to transfect rice using the Agrobacterium-mediated transformation
method described previously (Toki et al., 2006) to generate overexpression (OX) transgenic rice
in Kasalath and Nipponbare genetic backgrounds. The CRISPR-Cas9 construct was used to
generate Os04g24110 knockout (KO) mutant in Zhong Hua 11 (ZH11) genetic background.
Dehulled rice seeds were sterilized by being incubated in 70% ethanol for 30 sec to 1 min
and rinsed with sterile ddH2O two or three times. Rice seeds were then submerged for 15 min in a
NaClO solution of 30% dilution of stock solution (10% effective NaClO). This sterilization step
followed by rinse with sterile ddH2O was repeated three to five times. Sterilized seeds were
placed on N6D medium and incubated for 5-7 days with constant light. After removing coleoptile
and endosperm, calli were sub-cultured for 10-20 day. The small calli were the ideal material for
transfection. The probability of genetic mutation would increase if the length of sub-culture
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increases. The growth condition was monitored daily and any contaminated callus was removed
immediately, followed by the remaining calli being transferred to a new plate.
The Agrobacteria ABI1 cells with corresponding vector was spread on YEB agar plate
supplemented with spectinomycin (50 mg/L) and strepinomycin (10 mg/L) at 28°C in dark for 23 days. Single colonies were picked and cultured in 3-5 mL YEB liquid medium supplemented
with rifampicin spectinomycin (50 mg/L) and strepinomycin (10 mg/L) at 28°C for 24 hrs.
Approximately 500 μL of this culture was inoculated in 50 mL AAM medium and grown until
the OD600 reached 0.1. The calli were submerged into Agrobacteria AAM medium while being
shaken gently for 1.5 min. The excessive liquid was absorbed using sterile filter paper and calli
were air-dried. Calli with Agrobacteria were transferred onto a sterile filter paper pre-soaked with
AAM (about 0.5 mL) and co-cultivated at 25°C for three days in a N6D plate. After cocultivation, calli were rinsed with sterile ddH2O three times. Then calli were rinsed with sterile
ddH2O containing 500 mg/L geneticin three times and submerged in it for 30 min. If a medium
with an OD600 > 0.1 was used, the duration of submergence could be increased to 1 hr (with new
geneticin every 30 min) to completely remove Agrobacteria. Calli were air-dried on sterile filter
paper (optional) and grown on N6D plant containing 50 mg/L geneticin for two weeks with
constant light. Fast-growing calli were transferred to RE plate with 50 mg/L geneticin at 32°C
with constant light to induce differentiation. (The use of 70-100 mL flasks instead of petri dishes
is recommended, because differentiation would cause both shoots and roots to develop).
Differentiated calli were transferred to HF plate containing 50 mg/L geneticin to further induce
the differentiation of root.
F2 seeds of OX and KO transgenic plants were used in this study. Genotype was
confirmed by PCR-based sequencing using transgene construct-specific primers. The
transcriptional expression level of Os04g24110 in transgenic rice was confirmed by qRT-PCR.

2.6

Functional Investigation of Selected Candidate Genes in Transgenic Plants
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2.6.1

In vivo imaging of Luciferase activity

Visualization of firefly luciferase (fLUC) activity in live plant tissues was done as
described previously (Ishitani et al., 1997), with some modifications. Briefly, two-week-old Col-0
Arabidopsis seedlings transformed with Os04g24110 promoter::LUC reporter gene constructs
were either left at RT in the dark or exposed to 4°C in dark for 3 hrs, then seedlings were evenly
sprayed three times with a 1 mM Luciferin (Gold Biotechnology, USA) solution in 0.01% Triton
X-100 and incubated for 5 min in dark. The resulting bioluminescence signal was visualized in
complete darkness using an OptiChemi 610 CCD camera (UVP, USA) and acquisition time of 10
min. To quantify in vivo luciferase activity in transgenic plants, an area density analysis was done
using UVP software.
To determine fLUC activity in transient transfection assays, rice protoplasts made from
young seedling of the indica accession 93-11 were used, as described previously (Bart et al., 2006;
Liu et al., 2018). Briefly, using the polyethylene glycol method, pPZP211 plasmids containing
different Os04g24110 promoter::LUC reporter gene constructs were co-transfected into rice
protoplasts with the pGreenII 0800-LUC vector containing the Renilla LUC gene (rLUC) to
normalize transfection efficiencies. Transfected protoplasts were incubated in the dark at 28°C for
12 hrs and collected by centrifugation at 450 x g or 3 min and immediately used for LUC assays.
Quantification was done using a dual-luciferase reporter assay kit (Promega, Madison, WI). Five
independent transformations were done for each construct, and relative LUC activity was
calculated as the ratio of fLUC to rLUC.

2.6.2

Preparation of rice protoplast

To investigate Os04g24110 localization at the subcellular level, rice protoplasts were
created as follows: The rice tissue used in this protocol was the tissue of 3-week-old 93-11 or
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ZH11 seedlings. It usually takes 50-60 seedlings for transformation of 5-8 plasmids. The tissue
was cut from the bottom of the stem and the leaf part was removed due to the small size of the
cell. After removing the old/dead tissue on the outside, stem becomes the ideal material for
making protoplasts. The stem was chopped into 64mall sections (0.5 mm) and submerged into
250 mL aluminum foil-wrapped flask containing the 50 mL enzyme solution [0.6 M D-Mannitol,
10 mM 2-(N-morpholino) ethanesulfonic acid (MES), 1.5% (w/v) cellulose R-10, 0.75%
macerozyme R-10, 0.1% BSA, 3.4 mM CaCl2, 5 mM β-mercaptoethanol, 50 mg/L carbenicillin,
pH 5.7]. The solution was incubated in a shaker at 28°C at 60-80 rpm for 4-5 hrs in dark. After
incubation, 10 µl aliquot was examined under light microscope for the integrity of protoplasts.
The healthy protoplasts should look round with a smooth edge of plasma membrane. The equal
volume of W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCL, 2 mM MES, pH 5.7) as
enzyme solution was added to solution and shaken vigorously for 15 sec to sufficiently release
protoplasts. A 35 µl filter device was rinsed three times by W5 solution before used to filter
protoplasts out from other cell debris into a 250 mL flask. The filter was rinsed with W5 solution
one more time to collect the remaining protoplasts. This flask with protoplasts was centrifuged at
250 g for 3 min and the supernatant was removed. The protoplasts were resuspended with 15 mL
W5 solution and centrifuge at 250g for 3 min. The supernatant was removed, and protoplasts
were resuspended in 1 mL MMg solution (0.6 M D-Mannitol, 15 mM MgCl2, 4 mM MES, pH
5.7). The concentration of protoplasts was adjusted to be 1-5 x 106 cell/mL. Then this protoplasts
solution was kept on ice and ready for transformation.

2.6.3

Rice protoplast transfection

5-10 µl plasmid DNA was combined with 100 µl protoplast solution in a 2 mL centrifuge
tube, followed by gentle mixing and the addition of 110 µl 40% PEG buffer [0.6 M D-Mannitol,
100 mM CaCl2, 40% (v/v) PEG 4000] and immediately mixed gently. This was incubated at 28°C

65
in a water bath for 15 min. The reaction was deactivated by taking tubes out of water bath and
resuspended with 1.8 mL W5 solution. The solution was then centrifuged at 250 g for 3 min and
the supernatant was resuspended in 750 µl W5 solution. The recovery growth was done by
incubating transfected protoplast solution in a 12-well cell culture plate at 28°C for 12-16 hrs in
dark. Then the protoplasts were immediately used for subsequent applications.

2.6.4

Subcellular localization

Subcellular localization of Os04g24110 proteins was determined in 93-11 or ZH11
protoplasts using enhanced green fluorescent protein (eGFP) fluorescence as described previously
(Bart et al., 2006; Liu et al., 2018). Briefly, pPZP211 plasmids containing different
Os04g24110::eGFP fusion protein constructs were transiently transfected into rice protoplasts
using the polyethylene glycol method and incubated in the dark at 28°C for 12 hrs. eGFP
fluorescence was recorded using a confocal laser-scanning Leica TCS SP8 microscope (Leica
Microsystems, Germany). To determine potential co-localization of Os04g24110 with the plasma
membrane, FM 4-64 dye (N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl)
Hexatrienyl) Pyridinum Dibromide) (ThermoFisher, USA) was added as a plasma membrane
marker. Internal membranes such as the tonoplast were not stained by FM 4-64. Chlorophyll
autofluorescence was visualized using 480-515 nm excitation and 650-750 nm detection
wavelengths.
Besides rice protoplasts, tobacco (cv Havana 425) leaf tissue was also used to study the
subcellular localization of Os04g24110. This was achieved by transiently transfecting two-weekold tobacco leaf epidermal cells with an ABI1 Agrobacterium culture containing the
Os04g24110::eGFP construct. Briefly, Tobacco seeds were germinated and grown in the AL-66
growth chamber with condition (22°C day 14 hrs/ 20°C night 10 hrs) for two weeks. The
Agrobacterium culture containing according construct was grown in a 5 mL LB medium on a
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shaker at 210 rpm at 28°C overnight. 1 mL of overnight LB culture was taken and centrifuged at
2000 rpm for five mins to collect cell. Approximately 50 mL Resuspension Buffer (10 mM
MgCl2, 10 mM MES pH 5.6, 100 μM acetosyringone) was made immediately before use. The cell
pellets were resuspended by pipetting up and down with 1 mL Resuspension Buffer and
centrifuged at 2000 rpm for 5 min. The pellets then were resuspended again with Resuspension
Buffer and OD600 was adjusted to approximately 0.4 using Resuspension Buffer. The mixture was
incubated on the bench at room temperature for at least 2-3 hrs before infiltration. The
Agrobacterium medium was infiltrated through the back of tobacco leaves using a syringe with
gentle pressure. For the cold treatment, the infiltrated tobacco plants were incubated at 4°C in a
dark chamber for 3 hrs and transferred to normal growth condition for 2-3 days. The nucleus of
leave epidermal cells were stained with 5-10 µg/ mL DAPI in Tris–HCl buffer (pH 7.5) for 5 min
before the subcellular eGFP signal was visualized with a wavelength of 509 nm using a confocal
laser-scanning microscope (Nikon A1R system, Japan).

2.6.5

Propidium iodide staining

The leaf blade tissue of rice seedlings or whole plant tissue of Arabidopsis seedlings was
collected before and immediately after respective chilling/freezing treatment. A 10 μg/mL
propidium iodide (PI; Sigma, USA) working solution dissolved in water was used to submerge
tissue for 3 hrs or overnight. Then the tissue was washed with ddH2O for at least three times to
remove the excessive dye. The fluorescent signal of PI was visualized using a confocal laserscanning microscope (Nikon A1R system, Japan), excited with a 543 nm laser. The emission
signal was collected at 615 nm.

2.6.6

Nitro Blue Tetrazolium (NBT) staining
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For NBT staining to visualize the ROS ●O2-, the leaf blade tissue of rice seedlings or
whole plant tissue of Arabidopsis seedlings were collected before and immediately after
respective chilling/freezing treatment. Tissues were submerged in a working solution containing
0.2% NBT (Alfa Aesar, USA) dissolved in 50 mM sodium phosphate buffer (50mM NaH2PO4,
50mM Na2HPO4, PH7.5) in a 30 mL test tube at room temperature in the dark overnight. To
remove chlorophyll, tissue was incubated in 100% ethanol and incubated at 75~80℃ for 4 hrs
before photos were taken.

2.6.7

Total phenolic/anthocyanin extraction

Approximately 100 mg leaf tissue was collected from two-week-old plants and ground to
fine powder with liquid nitrogen. The flavonoid/anthocyanin content was isolated with 1 mL
extraction buffer (methanol: water: trifluoroacetic acid= 70:30:1, v: v: v). The mixture was
vortexed at max speed for 10 sec to resuspend ground tissue and left to settle down for 15min.
This step was repeated four times, and the mixture was incubated in dark at RT for at least 1 hr.
The sample was then centrifuged at maximum speed at RT for 20 min. The supernatant was
filtered through a 0.2 μm PTFE membrane using a 13 mm syringe. The following formula was
used to calculate total flavonoid/anthocyanin concentrations: [(OD520 – OD700) times MW times
DF times 103 divided by (e times 1)], where MW (molecular weight) = 449.2 g/mol for cyanidin3-glucoside (Cyd-3-glu); DF = dilution factor; 1 = pathlength in cm; e = 26 900 molar extinction
coefficients (L times mol–1 times cm–1) for Cyd-3-glu; and 103 = factor for conversion from g to
mg. Extraction buffer was used as a negative control.

2.6.8

2,2-diphenyl-1-picrylhydrazyl (DPPH) assay
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Total flavonoid/anthocyanin content extract was used as assay material. 25 μL undiluted
total flavonoid/anthocyanin extract was mixed with 200 μL of 0.1 mM DPPH solution, incubated
at room temperature for 30 min while shaking. As a blank control, 25 μL flavonoid/anthocyanin
extraction buffer was mixed with 200 μL of 0.1 mM DPPH solution and incubated at room
temperature for 30 min. Then the absorbance at 517 mm (OD517) was measured using a
spectrophotometer. The antioxidant activity was calculated as: {[(OD517 blank-OD517 sample)
divided by OD517 blank] times 100} divided by total flavonoid/anthocyanin content (mg).

2.6.9

Thin Layer Chromatography (TLC)

The total flavonoid/anthocyanin mixture was sprayed with a 25 mL syringe as an 8-mm
band using the automatic TLC Sampler 4 (ATS 4, CAMAG, Muttenz, Switzerland). Development
was performed in the twin trough chamber (CAMAG) or Automated Developing Chamber 2
(ADC 2, CAMAG) at RT with a mixture of ethyl acetate, 2-butanone, water and formic acid
(7:3:0.8:1.2, v/v/v/v) for separation of flavonoid/anthocyanin content. The plate activity was
adjusted at a relative air humidity of 25 ±2% for 4 min using a saturated potassium acetate
solution (260 g/100 g water) in the humidity control unit. After development, the plate was
automatically dried in a stream of cold air for 3 min. Compounds were detected under UV light
(366 nm).

2.6.10 High Performance Liquid Chromatography – Mass Spectrometry (HPLC – MS)

The total flavonoid/anthocyanin mixture in extraction buffer was vacuum-dried using a
vacuum system Savant UVS400 Universal Vacuum System (Thermo Fisher, USA) and
resuspended in approximately 500 μL pure ddH2O. Gradient solvents were A, H2O and B,
CH3CN. The gradient elution program was (v/v) in solvent B: 0 min, 10%; 0-30 min, 10-25%;
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30-50 min, 25-45%; 50-55 min, 45-100%; 55-60 min, 100%. The operating temperature was
40°C, and the flow rate was 1 mL/min using a 3 μm, 75 x 4.6 mm, Gemini 3u C18 110a column
(Phenomenex, USA). The LC-MS-2020 system (Shimadzu, Japan) was used for mass
spectrometry.

2.6.11 Catalase activity assay

Approximately 100 mg collected rice or Arabidopsis plant tissue was ground into fine
powder and extracted with 800 µl phosphate buffer (8.7 g/L K2HPO4; 6.9 g/L KH2PO4; pH=7.0)
to isolate total protein. The extract was centrifuged at maximum speed for 5 mins. The
supernatant was recovered and diluted 1:1 (v:v) with phosphate buffer. 4 mL Bradford reagent
[Pierce™ Coomassie Plus (Bradford) Assay Reagent Thermo Fischer Scientific, USA] was added
into 180 µl undiluted supernatant in a 30 mL test tube. The mixture was incubated at room
temperature for 30 min while being gently shaken. The absorbance at a wavelength of 595 nm
was measured using a spectrophotometer. The phosphate buffer was used as the blank. The total
protein concentration was estimated using OD595 data and a BSA solution (1 mg/mL) as protein
standard. The remaining supernatant was then diluted 5 times with extraction buffer and served as
the working solution for catalase assay. For the assay, filter paper discs (r=4 mm) were soaked
into diluted protein extract for 5 sec and immediately blotted for 5 sec onto a paper towel to
absorb the excessive solution. Then they were immediately placed at the bottom of a 50 mL glass
beaker containing 30 mL of 1% H2O2 solution. The time in seconds (sec) it took for the discs to
reach the surface of the H2O2 solution (30 mm distance) was recorded. Catalase activity was
calculated as mm per sec per mg of total protein content (mm/s/mg).

2.7

In vitro expression of ELT1 protein.
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All the chemicals and instruments used in in vitro protein expression were purchased
from Bio-Rad Laboratories, Inc. USA.

2.7.1

Induction of ELT1 protein expression

The glycerol stock of pGEX-6p-1::Os04g24110 (ELT1) ORF cell culture was reactivated
and grown in the LB medium of 3 mL and later in that of 50 mL supplement with 200 mg/L
Ampicillin. When OD600 of 1 L cell culture reached at 0.5-0.8, Isopropyl β-D-1thiogalactopyranoside (IPTG) was added to achieve the final concentration of 1 mM in and the
flasks containing culture were shaken at 180-200 rpm at 16°C for at least 20 hrs to induce protein
expression. After induction, the cell culture was centrifuged at 4200 rpm at 4°C for 20 min to
collect cell. The cell pellets were resuspended in 50 mL 1x Phosphate Buffered Saline (PBS)
buffer (NaCl, 137 mM; KCL, 2.7 mM; Na2HPO4, 10 mM; KH2PO4, 1.8 mM; pH 7.6) and
centrifuged again at 4200 rpm at 4°C for 10 min to form cell pellets. The supernatant was
removed, and cell pellets were stored at -80°C.

2.7.2

2.7.2.1

Validation of protein expression

Protein sample preparation

A 1/20 aliquot (50 mL) of 1 L induced cell culture was used to confirm the successful
and sufficient ELT1 protein expression. A serial lysis buffers were used separately and
individually to test the optimal purification condition.
[1] 100 mM tris (pH 8.0), 200 mM KCL, 10 mM Imidazole
[2] 100 mM tris (pH 8.0), 100 mM NaCl, 0.5% (v/v) Triton X-100
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[3] 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 100 mM
NaCl, 1% (v/v) Triton X-100
[4] 100 mM Tris (pH 7.5), 100 mM NaCl, 500 mM Urea
[5] 100 mM Tris (pH 7.5), 100 mM NaCl, 2 M Urea
[6] 100 mM 6.15% K2HPO4, 3.85 KH2PO4, 500 mM (NH4)2SO4
1 mL of lysis buffer supplemented with 100 μL 10x protease inhibitor cocktail (PIC) was
added to cell culture and 1 mL mixture of it was transferred into a 1.5 mL tube. Culture was
combined with 40 μL of 10 mg/mL lysozyme and incubated at 4°C on a rotator for 30-40 min.
Homogenized culture was flash-frozen in liquid nitrogen and thawed at 42°C in a water bath for
three times to disrupt E. coli cell wall. The mixture then was transferred to a glass motor with a
pestle and grinded at least 10 times to break DNA. The sample was then centrifuged at 10°C,
14,000 rpm for 30 min. Supernatant was saved and combined with 150 μL Glutathione Agarose
Resin (GOLDBIO, USA) followed by incubation at 4°C on a rotator for 1 hr. After incubation, it
was centrifuged at 14,000 rpm for 1 min and bead pellets were saved. The pellets were
resuspended with 30 μL of 2x Bromophenol Blue loading dye and boiled at 98°C for 10 min
followed by being centrifuged at 4°C 14,000 rpm for 1min again. 20 μL supernatant was loaded
to sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel to detect ELT1
expression.

2.7.2.2

SDS-PAGE

The recipe of 10% SDS-PAGE gel was as follows:
Resolving gel (10 mL for two 0.75 mm gel):
4 mL

ddH2O

3.35 mL

30% Acrylamide/bis

2.5 mL

1.5 M Tris-HCL pH 8.8
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100 μL

10% SDS

50 μL

10% ammonium persulfate (APS)

6 μL

Tetramethylethylenediamine (TEMED)
The solution was mixed and transferred to gel casts with a few drops of isopropanol

covering on the top to remove air bubbles. It was then incubated at room temperature for 20 min.
Stacking gel (5 mL for two 0.75 mm gel):
2.9 mL

ddH2O

850 μL

30% Acrylamide/bis

1.25 mL

0.5 M Tris-HCL pH 6.8

50 μL

10% SDS

25 μL

APS

5 μL

TEMED
The solution was mixed and added onto the top of resolving gel after the removal of

isopropanol. Then gel was incubated at room temperature for 30 min. The gel was run at 110 mA
in 1x running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) for 2 hrs.

2.7.2.3

Western blot

The nitrocellulose membrane was cut according to the number and size of gels. The
bottom left of the membrane was cut to align it with the first lane during transfer. The membrane
was soaked completely and evenly in transfer buffer (25 mM Tris, 190 mM glycine, 20%
methanol) as well as the filter papers and sponges. The SDS-PAGE gel was picked up and
stacking layer was removed. The transfer “sandwich” system was assembled as the order (from
center to the edge): gel-filter paper-sponge-transfer cassette in transfer buffer. Once finished
assembling, the whole system was put into an electrophoresis box properly and transferred at 110
mA for 1.5 hrs. After transfer, a blocking buffer of 5% milk in 100 mL Tris-buffered saline with
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Tween 20 (TBST) (20 mM Tris, pH 7.5; 150 mM NaCl; 0.1% Tween 20) was made by stirring at
least for 15 min, in which membrane was blocked for 30 min. After discarding the blocking
buffer, membrane was washed with 1x TBST buffer once and combined with 15 mL 1:1000
diluted primary GST (B-14) mouse monoclonal antibody (Santa Cruz Biotechnology, Inc). The
mixture was rocked on rotator at 4°C overnight. The primary antibody was saved and stored at 20°C and the membrane was rinsed with TBST buffer for 15 min while rocking at 4°C for three
times. Then 1 μL secondary AffiniPure donkey anti-mouse antibody (Jackson ImmunoResearch
Laboratories, Inc) in 15 mL TBST buffer was mixed with membrane and rocked for 1 hr. The
membrane was rinsed with TBST buffer for 15 min while rocking at 4°C for three times. The
membrane was then arranged in two layers of plastic sheets and combined with 1 mL luminol A
and 1 mL luminol B (pre-mixed). This system was degassed and drained off for excessive liquid.
It was then developed with film (CL-X posureTM, Thermo Scientific, USA) in dark room for 1
min, 5 min and 30 min at different area of the film. Last, the film was processed in an X-ray Film
Processor (CP1000, Agfa-Gevaert AG, Germany).

2.7.2.4

Purification of the ELT1 protein

Based on result of sample preparation, lysis buffer 2 was used for the scaled-up
purification. To do so, a small amount of pGEX-6p-1:: Os04g24110 (ELT1) ORF cell culture was
inoculated into 3 mL LB medium containing 200 mg/L Carbenicillin overnight at 37°C in dark.
Then 1 mL of this culture was inoculated in a 1L flask of LB medium and grown up to OD600 was
about 0.6. The induction was applied by adding IPTG to a final concentration of 0.2 mM. The
culture then was incubated at 20°C, 200 rpm for 20 hours. The induced cell culture was
centrifuged at 4200 rpm at 4°C for 20 min to collect the cells, followed by resuspended in 20 mL
lysis buffer 2 with 8 mg lysosome and PIC (amount according to manufacturer’s instruction).
Culture was transferred into centrifuge tube and incubated on a rotator at 4°C for 20 min. This
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was sonicated on ice with a program: 50% Amp, 15 sec sonication, 5 min rest, for 4 cycles. The
sonicated cells were transferred to a 50 mL culture tube and centrifuged at 17,000 rpm at 4°C for
1 hr. A Glass Econo-Column (1.5 × 10 cm; Bio-Rad Laboratories, Inc) containing about 5 mL
Glutathione Agarose Resin was prepared. At least 10 times volume (~50 mL) Milli Q H2O was
added and released after the resin completely settled down. 50 mL lysis buffer 2 was added and
released when the resin completely settled down again. The supernatant from sonicated mix was
added into the column and the column was inverted on shaker at 4°C for 1 hr. The solution flew
through column and was collected. The column was washed with lysis buffer 2 and flow through
was collected. 5 mL elution buffer [100 mM tris (pH 8.0), 100 mM NaCl, 0.5% (v/v) Triton X100, 10 mM reduced glutathione] with PIC was added to elute the protein. The flow-through was
collected and the elution was repeated for 5 times. The elution solution was concentrated to be
less than 5 mL by centrifuging multiple times at 4200 rpm for 5-10 min using same columns. The
concentrated solution was pooled using a Hi Load 26/600 Superdex 200 pg size column in a Fast
protein liquid chromatography (FPLC) (ALTA, GE, USA) equilibrated with storage buffer (50
mM Tris-HCl PH8.0, 300 mM NaCl, 10% Glycerol). The fractions of pooled samples were
identified with SDS-PAGE and Western blot.
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3

3.1

RESULTS

(Genome-Wide Association Study) GWAS mapping

In order to generate quantitative phenotypic data for a comprehensive GWAS mapping
project to identify chilling tolerance genes in rice, we developed five phenotypic indices, Low
Temperature Germinability (LTG), Plumle Growth after Cold Germination (PGCG), Low
Temperature Seedling Survivability (LTSS), Plumule Growth after Cold exposure (PGC), and
Low Temperature survival (LTS), as potential Quantitative Trait Loci (QTL) mapping parameters
to reflect the natural chilling stress scenarios rice seeds and seedling might be exposed to during
early development (Figure 2.1, 2.2). To obtain a comprehensive view of Rice Mini-Core
Collection (RMC) population structure in terms of chilling tolerance, the mean and standard error
for these five indices were calculated and compared the distribution to the generally more chilling
tolerant temperate japonica subpopulation using Student’s t-test. In all RMC accessions,
JAPONIC and INDICA subspecies exhibited major differences of these five phenotypic indices.
The LTG means were comparable among most subpopulations except for aromatic and aus, in
which LTG means were slightly less (Table 3.1). For the other four indices PGCG, LTSS, PGC,
and LTS, aus and indica had the lowest values (p < 0.0001), in agreement with previous reports
that INDICA accessions are less chilling tolerant than JAPONICA (Mackill and Lei, 1997; Lv et
al., 2015). Moreover, the statistics of the cold tolerant temperate japonica and cold sensitive
indica checks used as controls for each assay were consistent with their respective subpopulation
group (Table 3.1).
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Table 3.1 Means and standard error for the five seedling chilling tolerance indices by the five rice
subpopulation groups and the admixture of two or more subpopulations. Means of the subpopulation
groups are compared to the temperate japonica subpopulation, using a Student’s t-test

Subpopulation
group

LTG†, ‡

LTSS†, ‡

PGC†, ‡

14.98 ±
1.77***
8.67 ±
1.46***

5.01 ±
2.95***

5.94 ±0.65

54.40 ±7.80* 36.45 ±17.43 70.35 ±6.91

42.88 ±3.63

5.89 ±
0.30**

67.35 ±3.07* 27.81 ±3.10* 68.04 ±2.17*

7.32 ±0.22

75.92 ±1.99 42.09 ±3.48

70.25 ±16.77

6.95 ±0.65

89.14 ±5.70 49.89 ±13.57 69.50 ±10.04

70.69 ±21.91

0.46 ±0.00

27.95 ±4.27*

Indica

36.51 ±2.88*

Admixture

45.10 ±3.77

Aromatic
Tropical japonica

Temperate japonica 45.24 ±3.08

2.94 ±
1.30***
1.31 ±
0.71***
21.70 ±
6.25 ±0.35* 43.19 ±6.67
4.30**

LTS†, ‡

4.20 ±
0.32***
4.91 ±
0.22***

Aus

Cold resistant
checks
Cold sensitive
checks

PGCG†, ‡

0.00 ±0.00

0.00 ±0.00

27.42 ±
2.80***
19.10 ±
2.14***
36.74 ±
6.05***

77.07 ±1.93

6.75 ±5.22

† Five seedling chilling tolerance indices: low temperature survivability (LTG), plumule growth rate after
cold germination (PGCG), low temperature seedling survivability (LTSS), plumule recovery growth after
cold exposure (PCG) and low temperature survival (LTS).
‡ Student’s t-test relative to temperate japonica calculated in Microsoft Excel using the TTEST function (2tailed, unequal variance).
* P<0.05; ** P<0.001; *** P<0.0001 (Adopted from Schläppi et al., 2017).

We also applied Pearson’s correlation analysis to determine the difference of five indices
in each RMC 76ccession with each other. The result showed that LTG and PGCG were not and
only, respectively, weakly correlated with other indices while LTSS, PGC and LTS indices were
highly correlated with each other. This suggests that LTG and PGCG are involved in their
relatively unique genetic programs while LTSS, PGC and LTS share genetic pathways. PGCG
was correlated with all other indices, indicating it includes both germination and
coleoptile/plumule growth stages (Table 3.2).
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Table 3.2 Pearson’s correlation coefficients between the five different rice seedling chilling tolerance
indices evaluated in this study.

Trait†
PGCG
LTSS
PGC
LTS

LTG
0.369***
0.162
0.146
0.105

PGCG

LTSS

PGC

0.384***
0.313***
0.331***

0.805***
0.894***

0.676***

† Five seedling chilling tolerance indices: low temperature survivability (LTG), plumule growth rate after
cold germination (PGCG), low temperature seedling survivability (LTSS), plumule recovery growth after
cold exposure (PCG) and low temperature survival (LTS).
* P<0.01; ** P<0.001; *** P<0.0001 (Adopted from Schläppi et al., 2017).

A genome wide association study (GWAS) mapping was conducted to identify chilling
tolerance indices associated QTL after removal of rare allele markers at 3% or less. A cutoff pvalue of 0.01 was applied based on multiple previous GWAS mapping studies using partial RMC
(Bryant et al.,2011; 2013; Li et al., 2011, 2012; Jia et al., 2012) or other small collections (Pan et
al., 2015). We identified 39 individual genetic markers correlated with different chilling tolerance
indices, nine of which were shared by two indices: one site on chr. (chromosome) 3 was shared
by qLTSS3-2 and qPGC3-1, another site on chr. 3 by qLTS3-2 and qLTSS3-3, one site on chr. 4
by qLTS4 and qLTSS4-3, one site on chr. 6 by qLTSS6 and qPGC6-3, one site on chr. 7 by
qLTS7 and qLTSS7-1, one site on chr. 8 by qLTS8 and qLTSS8-2, one site on chr. 9 by qLTSS9-2
and qPGCG9-2, one site on chr. 11 by qLTSS11-2 and qPCGC11, and one site on chr. 12 by
qLTS12 and qLTSS12-2 (Figure 3 and Table 3). Total 48 QTL are: six LTG-QTL, five PGCGQTL, 24 LTSS-QTL, five PGC-QTL, and eight LTS-QTL (Figure 3.1 and Table 3.3). While five
of eight LTS-QTL (62.5%) were at sites shared by QTL identified by other indices, all six LTGQTL were not.
In addition, 37 of 39 genetic regions were within 1.5 Mb range of previously published
rice chilling tolerance QTL, Thus, GWAS mapping using the RMC collection and five chilling
tolerance indices identified 37/39 = 95% of previously published chilling tolerance QTL that
were identified with bi-parental mapping populations (18 QTL; reviewed in da Cruz et al., 2013;
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Zhang et al., 2014a) or recent GWAS mapping using different rice diversity panels (32 QTL;
Fujino et al., 2015; Pan et al., 2015; Lv et al., 2015; Wang et al., 2016a; Shakiba et al., 2017). The
other two QTL, qLTSS3-4 and qLTSS4-1, were identified as novel QTL.
The RMC has been previously used for GWAS-based QTL mapping of agricultural traits
(Bryant et al., 2011, 2013; Li et al., 2011, 2012; Jia et al., 2012; Wang et al., 2016b), but to the
best of our knowledge, this study is the first GWAS-based mapping where 202 RMC O. sativa
cultivars were used to identify chilling tolerance QTL.

Figure 3.1 QTL locations based on GWAS mapping using the RMC collection. LTSS3-1, PGC3-2, LTSS41, LTSS9, PGC9-1, PGC9-2, and LTSS12-2 are novel QTL, whereas the other QTL over-lap or are within 2
Mb of previously published cold tolerance QTL. Vertical bars connect two closely linked QTL.
Abbreviations: low-temperature germinability (LTG), overall low temperature survival (LTS), lowtemperature survivability at the seedling stage (LTSS), plumule growth after cold treatment (PGC),
plumule growth after cold germination (Adopted from Schläppi et al., 2017).
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3.1.1

Low temperature Germinability (LTG) index and QTL

LTG index in this study aimed to simulate the realistic planting event of rice seeds either
by drill-seeding or water-seeding. The genetic basis of LTG has been revealed by some early
studies (Fujino et al., 2008, 2015; Shakiba et al., 2017). We indeed observed distinct LTG indices
among RMC accessions (Figure 3.1), illustrating the natural variation of germination capability
under chilling stress in rice species. The mean Pearson’s correlation coefficient among three trials
was r = 0.539 (0.363–0.950; p < 0.001). Three of six LTG QTL were near previously identified
LTG-QTL on chr. 7 reported as qCTGERM7-5 (Shakiba et al., 2017), on chr. 10 reported as
qLTG10 (Fujino et al., 2015), and on chr. 12 reported as qLTG12b (Fujino et al.,2015), while the
other three were near previously mapped QTL associated with other types of chilling tolerance
indices (Table S1). All six LTG-QTL contained, within 1.5 Mb of the respective markers, genes
previously characterized to be associated with low-temperature and other abiotic stress resistance
phenotypes (Table S1). The overexpression of one of these genes, MYBS3, was shown to
improve chilling tolerance in rice (Su et al., 2010).

3.1.2

Plumule Growth Rate after Cold Germination (PGCG) Index and QTL

We observed that certain cultivars with high LTG scores did not exhibit a subsequent
robust growth after shift back to optimal temperature and vice versa. Thus, we developed the
PGCG assay to specifically determine the quantitative effect of germination at chilling
temperature on subsequent seedling growth at normal conditions. This index could potentially
reflect a realistic scenario in the field, such as in the direct seeding method, in which rice seeds
may experience an extended period of chilling temperature during germination followed by a
warm temperature for vegetative development. Expectedly, the PGCG phenotypic data varied
among all RMC accessions (Figure 2.2 B). Due to a modest correlation between PGCG and LTG
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(r = 0.369, p < 0.001), PGCG-QTL were thought to be specifically related to the elongation of
coleoptile after germination at a chilling temperature. Indeed, no PGCG- and LTG-QTL were
found to share genetic loci (Figure 3.1), indicating they were affected by different genetic
pathways. Four of five PGCG QTL revealed in this study were in close proximity to previously
mapped seedling tolerance QTL (Table S1) on chr. 1 identified as qIW-1 (Ji et al., 2010) and
qCST1-1 (Liu et al., 2013), and on chr. 9 identified as qCTS9-7 (Wang et al., 2016a), qCTS-9
(Zhang et al., 2014b), and “Survival Rate after Natural Chilling Stress” Locus 100 (Lv et al.,
2015), which might partially result from the coleoptile/plumule recovery growth. It is noteworthy
that qPGCG1 is only 3 kb away from the gene OsCOIN (Table S2), previously reported to confer
chilling tolerance in rice (Liu et al., 2007). In addition, another QTL, qPGCG9-2, is near the
previously identified cold tolerance gene OsWRKY76 (Yokotani et al., 2013), and 160 kb away
from Os09g24440 (Table S2), which was shown to be the functional gene associated with qCTS-9
by putatively functioning as a subunit of TFIID (Zhao et al., 2017).

Table 3.3 Summary of the QTL identified by GWA mapping for five different rice seedling chilling
tolerance indices. All QTL below the p-value=0.01 are included.
p
value
QTL
(x 103
)
Low temperature survivability (LTG)
Trial
no.†

qLTG1

qLTG6
qLTG7
qLTG10-1
qLTG10-2
qLTG12

LOD
value‡

Chromosome

Position
(Mb)

Associated
marker

Marker
R2
(%)#

1

0.74

3.13

1

29.5

RM1231

11.90

3

2.73

2.57

1

29.5

RM1231

10.44

combined

1.13

2.95

1

29.5

RM1231

11.45

3

1.63

2.79

6

22.3

RM3827

12.97

combined

1.35

2.87

6

22.3

RM3827

13.20

2

2.81

2.55

7

28.3

RM1335

11.25

2

3.77

2.42

10

19.1

RM171

6.30

combined

10.53!

1.98

10

19.1

RM171

5.15

3

4.00

2.40

10

21.1

RM484

5.99

combined

6.44

2.19

10

21.1

RM484

5.48

2

0.26

3.58

12

5.1

RM5746

9.47
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Plumule growth rate after cold germination (PGCG)
qPGCG1

1

4.53

2.34

1

0.2

RM495

5.38

qPGCG9-1

1

3.55

2.45

qPGCG9-2

1

6.71

2.17

9

6.3

RM23869

7.91

9

14.4

RM409

5.98

qPGCG9-3

1

7.04

2.15

9

22.2

RM6816

3.58

qPGCG11

1

6.98

2.16

11

11.9

RM5857

13.34

Low temperature seedling survivability (LTSS)
qLTSS2

4

6.56

2.22

2

19.4

RM341

5.81

qLTSS3-1

1

0.15

3.82

3

7.1

RM14643

9.28

qLTSS3-2

1

4.68

2.33

3

15.8

RM15123

12.56

2

8.61

2.07

3

15.8

RM15123

10.89

2

7.51

2.12

3

24.9

RM5626

5.55

combined

0.29

3.54

3

24.9

RM5626

5.56

qLTSS3-3

!

qLTSS3-4

combined

10.43

1.98

3

35.3

RM514

6.21

qLTSS4-1

1

0.15

3.84

4

13.6

RM3317

12.32

2

0.30

3.52

4

13.6

RM3317

10.75

combined

0.93

3.03

4

13.6

RM3317

8.51

qLTSS4-2

2

7.55

2.12

4

30.1

RM3217

6.45

qLTSS4-3

combined

2.72

2.57

4

34.7

RM124

3.95

qLTSS6

1

6.45

2.19

6

28.6

RM340

8.51

qLTSS7-1

3

7.33

2.14

7

2.7

RM427

1.98

qLTSS7-2

4

5.61

2.25

7

9.0

RM1186

6.31

qLTSS8-1

combined

4.87

2.31

8

5.7

RM22559

4.87

qLTSS8-2

2

6.64

2.18

8

15.4

RM404

11.04

5

0.64

2.20

8

15.4

RM404

5.07

qLTSS8-3

4

4.50

2.35

8

21.0

RM284

6.04

qLTSS9-1

5

0.54

2.27

9

9.4

RM24011

8.14

1.97

9

14.4

RM409

4.25

!

qLTSS9-2

combined

10.85

qLTSS9-3

4

7.77

2.11

9

21.9

RM6971

10.77

qLTSS10-1

2

9.16

2.04

10

5.4

RM216

6.27

combined

5.68

2.25

10

5.4

RM216

4.65

qLTSS10-2

1

0.64

3.19

10

11.6

RM25289

9.98

qLTSS11-1

4

3.15

2.50

11

5.7

RM116

5.09

qLTSS11-2

2

3.35

2.48

11

11.9

RM5857

13.00

qLTSS11-3

1

8.51

2.07

11

19.2

RM5349

8.35

1.97

12

23.2

RM3726

9.04

qLTSS12-1
qLTSS12-2

!

4

10.81

combined

0.70

3.15

12

23.2

RM3726

10.80

3

0.37

3.43

12

25.0

RM3739

3.91

combined

9.55

2.02

12

25.0

RM3739

5.40

3

15.8

RM15123

10.65

Plumule recovery growth after cold exposure (PGC)
qPGC3-1

combined

10.51!

1.98
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qPGC3-2

combined

2.51

2.60

3

17.2

RM3400

11.41

qPGC6-1
qPGC6-2
qPGC6-3

combined
combined
combined

9.91
4.81
1.48

2.00
2.32
2.83

6
6
6

1.8
6.8
28.6

Ex_6
NPBR
RM340

2.96
3.57
10.02

Low temperature survival (LTS)
qLTS3-1

2

9.13

2.04

3

2.5

RM231

8.79

qLTS3-2

1

5.85

2.23

3

24.9

RM5626

6.40

combined

2.39

2.62

3

24.9

RM5626

7.09

1

2.14

2.67

4

34.7

RM124

5.86

combined

0.01

5.00

4

34.7

RM124

10.00

1

5.04

2.30

5

7.5

RM169

10.64

1.97

7

2.7

RM427

4.21

8

15.4

RM404

16.55

qLTS4
qLTS5

!

qLTS7

combined

10.71

qLTS8

combined

0.46

3.34

qLTS9

1

6.52

2.19

9

22.8

RM1013

4.86

qLTS12

combined

3.58

2.45

12

25.0

RM3739

7.30

† QTL identified from the individual trials or combined across all trials for the particular index.
‡ The LOD value is the logarithm of odds (-log10p).
# Marker effects as identified by TASSEL 3.0 (Bradbury et al. 2007).
! Value very close to p=0.01 cutoff (Adopted from Schläppi et al., 2017).

3.1.3

Low Temperature Seedling Survivability (LTSS) Index and QTL

The LTSS index was designed to mimic the traditional transplanting method in the early
spring where young rice seedlings might be temporarily exposed to chilling temperatures. Rice
accessions with hypothetically superior and inferior chilling tolerance abilities were expected to
show high and low survivability phenotypes, respectively. The results supported this hypothesis,
LTSS for RMC accessions were quite diverse ranging from 0% to almost 100%, indicating it is a
quantitative trait determined by multi-genetic variations. The results of five LTSS trails were
similar with a mean Pearson’s coefficient of r = 0.679 (0.543–0.806; p<0.0001), thus the trails
were combined for the GWAS analysis (Table 3.3). This yielded 24 QTL, 22 of which were close
to previously identified QTL, while two, qLTSS4-1 and qLTSS3-4, were novel (Table S1).
Noteworthily, QTL qLTSS4-1 showed up three times with significantly high LOD scores (Table
3.3). In addition, most LTSS QTL contained within 1.5 Mb genes that were previously annotated
to be functionally related to cold and other stress responses (Table S1), whereas qLTSS4-1 did not,
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suggesting it is a truly novel chilling tolerance QTL. In addition, since alleles of qLTSS4-1 with
positive (alleles 137 and 139) and negative (alleles 135, 141, 142, 143, and 144) LTSS effects
were almost exclusively correlated with the JAPONICA and INDICA subspecies, respectively,
(Figure 3.2). The qLTSS4-1 is thus an interesting novel QTL useful for marker assisted breeding
and novel gene discovery. Moreover, other LTSS QTL that overlap with genetic regions of
previously identified seedling chilling tolerance QTL will facilitate narrowing down the QTL
regions to reduce the amount of associated candidate genes within. For example, qLTSS9-2 is
close to OsWRKY76 and Os09g24440, as discussed above. And qLTSS4-3 is only 280 kb away
from OsCAF1B, a cold-induced gene shown to be involved in RNA processing (Chou et al.,2014;
Table S2).

Figure 3.2 Association of genotypic effects of RM3317 alleles with mean LTSS scores at the qLTSS4-1
locus. Shown is the mean low temperature seedling survival (LTSS) for the RMC accessions having the
same RM3317 allele. Alleles 137 and 139 are predominantly found in JAPONICA accessions and alleles
135, 141, 142, 143, and 144 are predominantly found in INDICA accessions. Error bars indicate the
standard error of LTSS for the accessions having a particular allele (Adopted from Schläppi et al., 2017).

3.1.4

Plumule Recovery Growth after Cold Exposure (PGC) Index and QTL

84
The PGC index was developed as a useful supplement for LTSS, because we noticed that
some RMC accessions that survived chilling stress with green, healthy looking leaves did not
continue to grow during the recovery period, even at optimal temperatures (Figure 2.2 C). The
PGC reflects the recovery ability of cell division and elongation after damage of the shoot apical
meristem (plant stem cells) or leaf base meristematic cells after chilling stress in rice seedlings.
The mean PGC scores ranged from 0% (no recovery growth) to approximately 100% (two-fold
increase of leaf elongation) among all RMC accessions, indicating plumule growth after chilling
stress is promoted by quantitative genetic components. Three PGC trails yielded a mean
Pearson’s correlation of r = 0.495 (0.435–0.571; p < 0.001), and all replicates were combined for
GWAS mapping. All five PGC QTL mapped in this study were near previously identified
chilling tolerance QTL at the seedling stage (Table S1). Two of them on chr. 3 were reported as
“Ratio of Electrolyte Leakage under 3 Day Cold Shock Stress to Normal Condition” Loci 36 and
37 (Lv et al., 2015), and three on chr. 6 were reported as COLD4 (Ma et al., 2015) or qCST6(1)
(Ranawake et al., 2014), qCTS6-2 (Wang et al., 2016a), and qLTSSvR6-1 (Pan et al., 2015), or
qCST6 (Liu et al., 2013). Also, a few previously characterized cold stress tolerance genes were
located within 1.5 Mb of these PGC QTL (Table S2). For instance, qPGC6-1 was specifically
associated with the crucial cold stress regulator OsDREB1C (Chawade et al., 2013). Although
mean LTSS scores were highly correlated with PGC scores, (r = 0.805; p < 0.0001; Table 3.2),
PGC might still be controlled by a distinct genetic pathway, because only two of the five PGCQTL overlapped with LTSS QTL (Figure 3.1). Therefore, LTSS and PGC seem to represent, at
least in part, two different mechanisms young rice seedlings experience during cold stresses. One
is the maintenance of overall cellular homeostasis and metabolism during the low-temperature
stress and recovery periods (photosynthesis and respiration for LTSS). The other is the
resumption of vegetative growth and development activities during the recovery period (mitotic
activities in the meristem or at the base of leaves for PGC).
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3.1.5

Low Temperature Survival (LTS) Index and QTL

The aim of LTS was to mimic a realistic scenario where rice seeds germinate at low
temperature and grow into a young seedling later in an optimal environment followed by
exposure to an additional chilling stress. LTS assessed whether a preceding chilling stress at the
germination stage would lead to cold acclimation that improves survivability of rice seedlings
during a subsequent chilling stress. We hypothesized the effect of the preceding chilling stress to
rice seeds could be either positive (acclimation), neutral, or negative to rice seedling development
under chilling stress. Interestingly, results showed that mean LTS scores for both the indica and
aus subpopulations (i.e. the INDICA subspecies) was 2-fold higher than mean LTSS scores for
the JAPONICA subspecies (Table 3.1), suggesting a chilling acclimation potential during cold
germination in INDICA (indica p = 3.12×10-9; aus p = 7.31×10-6), but not in JAPONICA (p>0.3).
Two trails of LTS with a Pearson’s correlation of r=0.614 (p<0.0001) were combined for GWAS
mapping. Of the eight LTS QTL uncovered in this study, five were near previously mapped low
temperature germination QTL (Table S1), one on chr. 3 reported as qLTG3c (Fujino et al., 2015),
one on chr. 4 reported as qLTG4 (Fujino et al., 2015), one on chr. 5 reported as qLVG5 (Han et al.,
2006), one on chr. 7 reported as qLVG7-1 and qCIVG7-2 (Han et al., 2006), and one on chr. 12
reported as qCTGERM12-2 (Shakiba et al., 2017). The other three QTL were near previously
mapped seedling chilling tolerance QTL (Table S1), one on chr. 3 reported as qCTS3-5 (Wang et
al., 2016a), one on chr. 8 reported as “Fresh versus Dry Biomass Ratio after Natural Chilling
Stress” Locus 84 (Lv et al., 2015), and one on chr. 9 reported as “Survival Rate after Natural
Chilling Stress” Locus 100 (Lv et al., 2015). Also, eight previously identified cold tolerance
genes were within 1.5 Mb of the LTS QTL, such as OsCAF1B (Chou et al., 2014), and other
abiotic stress tolerance genes such as the ABA receptor OsPYL/RCAR5 (Kim et al., 2014) (Table
S2), which might be related to the chilling acclimation process in rice.
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3.2

Bi-parental mapping

To broaden the mapping strategy and confirm QTL identified from GWAS mapping, as
well as to narrow down candidate genes in the QTL regions, we conducted a bi-parental mapping
using F2:3 populations of a representative chilling tolerant temperate japonica parent
KRASNODARSKIJ 3352 (LTSS = 81.9%) and a representative chilling sensitive aus parent
CAROLINO 164 (LTSS = 9.8%) as mapping material. A total of 60 evenly distributed genetic
SSR markers included in GWAS mapping were selected to determine the genotype of 100 F2
plants, and LTSS and PGC phenotypes of F3 progenies derived from their respective individual F2
plants were determined and correlated with the genotypes. This approach was feasible, because
previous studies have identified cold tolerance QTL using F2:3 populations (Han et al. 2006;
Koseki at al. 2010). The F2:3 population was used to identify strong-effect QTL and to assess
linkage disequilibrium (LD) covering the QTL regions. As a proof of principle, we identified
seven chromosomal regions containing three LTSS [qLTSS1(bi), qLTSS3(bi) and qLTSS8(bi)] and
four PGC QTL [qPGC2(bi), qPGC4(bi), qPGC5-2(bi) and qPGC8(bi)] using F2:3 lines, and three
of them overlapped with GWAS mapped QTL [qLTSS1(bi) with qLTG1, qLTSS3(bi) with
qLTSS3-3/qLTS3-2, qPGC4(bi) with qLTSS4-1] (Table 3.4). Notably, two particularly strongeffect QTL, qLTSS8(bi) (p=0.000007) and qPGC8(bi) (p=0.000154), at the bottom of
chromosome 8 were not overlapped with GWAS mapped QTL (Table 3.4). By generating 10 new
SSR markers, we narrowed down LD of qLTSS8(bi)/qPGC8(bi) to within a 60 kb region near
RM447, which contained only eight candidate genes (Figure 3.3 and Figure 3.4). Thus, this biparental QTL mapping proof of principle approach showed that chilling tolerance QTL identified
by GWAS mapping can facilitate to reduce the number of associated candidate genes.

3.3

Identification of chilling tolerance candidate genes associated with qPGC8(bi)/qLTSS8(bi)
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To further identify the candidate chilling tolerance genes for qLTSS8(bi)/qPGC8(bi), we
first bioinformatically screened the functional annotations of all the genes between the closest
upstream and downstream mapping markers of RM447 used in bi-parental mapping. Potential
candidate genes were expected to be a) chilling inducible; b) deferentially expressed in chilling
tolerant and sensitive rice reference cultivars; c) expressed mainly in leaf tissue; d) have Single
Nucleotide Polymorphism (SNP)s in either the promoter or coding sequence; e) SNPs in coding
sequence, if any, result in non-synonymous amino acid changes; f) of functional annotation
related to the response mechanism of abiotic stresses.
By applying this pipeline, we were able to identify, out of total eight candidates, three
chilling tolerance gene candidates (Os08g42020, Os08g42030 and Os08g42080), (Figure 3.3 and
Figure 3.4). which met all the criteria described above (Table 3.5). Os08g42020, Os08g42030,
and Os08g42080 encode a putative zinc ion binding protein, a secretory peroxidase, and an ACT
domain-containing protein, respectively (Table 3.6).

Table 3.4 Summary of the QTL identified by bi-parental mapping for LTSS and PGC indices.
QTL (biparental

p value

LOD
valu
e

Chromosom
e

Positio
n (Mb)

Associate
d
marker

Near to QTL in
GWAS

1

29.8Mb

RM1231

qLTG1

RM5626

qLTSS3-3/qLTS32

RM1666
2

qLTSS4-1

Low temperature seedling survivability (LTSS)
qLTSS1(bi)

0.02413

qLTSS3(bi)

0.03413

qLTSS4(bi)!

0.05083!

qLTSS6(bi)!

0.05654!

qLTSS8(bi)

0.000007

1.61
7
1.46
7
1.29
4
1.24
8
5.15
5

3
4

24.8
Mb
13.8
Mb

6

1.8Mb

Ex-6

qPGC6-1

8

26.4Mb

RM447

None

RM424

None

RM1666
2

qLTSS4-1

Plumule recovery growth after cold exposure (PGC)
qPGC2(bi)

0.02641

qPGC4(bi)

0.02279

1.57
8
1.64
2

2
4

11.4
Mb
13.8
Mb
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qPGC5-1(bi)!

0.05459!

qPGC5-2(bi)

0.03289

qPGC8(bi)

0.000154

qPGC9(bi)!

0.05126!

1.26
2
1.48
3
3.81
3
1.29
0

5

7.5Mb

RM169

qLTS5

5

28.5
Mb

RM334

None

8

26.4Mb

RM447

None

9

9.4 Mb

RM2401
1

qLTSS9-1

! QTL with p value close to 0.05 cutoff.

A

B

C

D

Figure 3.3 Bi-parental mapping of qLTSS8(bi) and qPGC8(bi) on chromosome 8. Five genetic markers
represented by diamonds are shown with physical distance on chromosome (X-axis) and LOD score (Yaxis). The fifth marker (RM447, 26.4Mb) was identified to be significantly correlated with PGC
(qPGC8(bi), A) and LTSS (qLTSS8(bi), C). B and D show an enlarged view of mapping region using
additional ten more markers in A and C respectively.
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Table 3.5 Summary of main bioinformatic databases and their data profile in identification of QTLcorrelated candidate genes.

Database

Links

Description of Data Usage

Rice Expression
Profile Database

http://ricexpro.dna.affrc.go.jp

Temporal (developmental) and special
(Tissue-specific) expression profile of rice
genes

MSU Rice Genome
Annotation Project

http://rice.plantbiology.msu.edu

Gene expression level between two
reference genomes: cold-tolerant japonica
(Nipponbare) and cold-sensitive indica
(93-11)

Genome-wide SNPs
Data

http://ricevarmap.ncpgr.cn
http://snp-seek.irri.org

Genome-wide SNP (Single Nucleotide
polymorphism) profile among >3000 rice
wildtype accessions

Gene Ontology
Database

http://www.geneontology.org/page/goenrichment-analysis
qtaro.jp

Functional annotation of rice genes
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Figure 3.4 Detailed view of bi-parental mapping of qLTSS8(bi) and qPGC8(bi) on chromosome 8. Purple
bars represent genomic regions on chromosome 8, in which right bar (approximately 70 kb) represents an
enlarged view of the locus of qLTSS8(bi) and qPGC8(bi) on left bar. The green arrows indicate eight
candidate genes associated with this QTL. Genetic marker associated with qLTSS8(bi) and qPGC8(bi) is
highlighted in red.
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Table 3.6 Summary of all eight candidate genes identified for qLTSS8(bi) and qPGC8(bi) on chromosome
8 using bioinformatic databases.
MSU ID

Leaf
expression

Nippobar
e/93-11
ratio

Cold
Induced

CDS
SNP

Distance
to RM447
[bp]

LOC_Os08g42000

Yes

1.08

No

No

12514

Nuclear transport
factor 2 (NTF2)

LOC_Os08g42010

Yes

0.96

Yes

Yes

6981

Nodulin-like protein

LOC_Os08g42020

Yes

1.24

Yes

Yes

4035

Putative zinc ion
binding protein

LOC_Os08g42030

Yes

0.70

Yes

No

0

LOC_Os08g42040

Yes

1.56

No

No

-7205

Lipid transfer
protein

LOC_Os08g42050

Yes

1.15

No

No

-12336

Transmembrane
emp24 family
protein

LOC_Os08g42080

Yes

0.82

Yes

Yes

-24891

ACT domaincontaining protein

LOC_Os08g42100

Yes

1.37

No

Yes

-55703

ACT domaincontaining protein

3.4

Functional
annotation

Secretory
Peroxidase

Identification of Os04g24110 as the best chilling tolerance candidate gene associated with
qLTSS4-1

We previously uncovered 48 chilling tolerance-related QTL at 39 chromosome regions
distributed across all twelve rice chromosomes using a GWAS mapping strategy. In addition,
qLTSS4-1 was shown to be one of the 48 QTL most significantly correlated with the LTSS index
(Schläppi et al., 2017). To identify a potential chilling tolerance candidate gene for qLTSS4-1, we
bioinformatically screened the functional annotations of all the genes within 1 Mb upstream and
downstream of the associated marker (RM3317) used in GWAS mapping (Figure 3.5; Table S1;
Table S2). Generally, this genomic region is not a gene-enriched area. It is covered mostly by a

92
large number of transposable elements. The screening pipeline for candidate genes was as same
as that for bi-parental mapping of qLTSS8(bi)/qPGC8(bi) (Table 3.5).

Figure 3.5 A partial mapping genetic region of qLTSS4-1. SSR marker RM3317 and RM16662 used in
GWAS mapping and bi-parental mapping for qLTSS4-1 and qPGC4-2 are highlighted in red. Genetic
fragments in black, yellow and green represent transposable elements, genes encoding expressed proteins
with unknown function, and genes encoding functional proteins, respectively.

In total 46 initial candidate genes were screened in this region (Table S3).
LOC_Os04g24110 was identified as the best candidate gene by applying this screening pipeline
because it met all the screening standards. Specifically, it is functionally annotated as a
flavonoid/anthocyanin 3-O-UDP-glycosyltransferase. Its major expression in the leaf is proposed
to be 5-fold more in cold tolerance JAPONICA than in cold-sensitive INDICA reference cultivars.
Furthermore, we cloned this gene form reference genomes of a representative chilling tolerant
JAPONICA cultivar (KRASNODARSKIJ 3352, LTSS = 81.9%) and a representative chilling
sensitive INDICA cultivar (CAROLINO 164, LTSS = 9.8%) We detected ten SNP in promoter
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region within 1000 bp (seven within 500 bp) upstream of starting codon and four SNP in coding
sequence (Figure 3.6 A). Interestingly, three out of ten SNP in promoter fall into cis-regulatory
elements that are suggested by previous studies to be related to biotic and abiotic stress responses
in different plants. The SNP (Figure 3.6 A, 1: TJap ↔CInd) resides inside of a cis-regulatory
element (RTTTTTR) of a transcription factor SEF4 identified in soybean. This element was
suggested to be involved in the abscisic acid (ABA) signaling pathway, which plays an important
role in response to environmental stresses (Allen et al. 1989). Another SNP (Figure 3.6 A, 2: AJap
↔GInd) containing a cis-regulatory element (CAACTC) was found in the promoter region of a
proteinase (REP-1) gene that has been shown to be associated with gibberellin-regulated
responses to environmental stresses in rice (Sutoh et al. 2003). Additionally, the genetic locus of
this SNP is also associated with a transcription factor (bZIP73) binding site (ACTCAT) that has
been shown previously involved in ABA-mediated cold stress response in rice (Liu et al., 2018)
(Figure 3.6 A, 6). Another SNP (Figure 3.6 A, 3: CJap ↔TInd) resides in a regulatory element
(CTGACY) that has been indicated to respond to biotic stress in tobacco (Yamamoto et al. 2004).
Lastly, another regulatory element (Figure 3.6 A, 4: CCGAC), although lacking a SNP between
the two reference genomes, was previously characterized as a core motif for the DREB/CBF
transcription factor binding site in Arabidopsis (Kitashiba et al. 2004), indicating regulation of
Os04g24110 might be DREB/CBF-dependent. Moreover, GWAS mapping showed that the LTSS
phenotype in the mini-core collection was significantly associated with two SNPs (Figure 3.6 A,
2; p= 1.714×10-19 and 5; p=3.651×10-20), the latter of which has not yet been functionally
characterized. In the coding region, three of four CDS SNP (1: TJap↔GInd, 2: AJap↔CInd, 3:
GJap↔TInd) would cause non-synonymous amino acid change (1: TyrJap↔AspInd, 2: GluJap↔AlaInd,
3: AlaJap↔SerInd) (Figure 3.6, B, C).
To correlate the haplotypes of Os04g24110 in the promoter and coding sequence with the
natural variation of chilling tolerance in major rice subpopulations, we first conducted LTSS and
EL assay for 5 aromatic (aro), 31 aus (aus), 36 indica (ind), 23 tropicjJaponica (trj), 20
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temperate japonica (tej) and 10 admixes (mix) representative cultivars in RMC. As expected, the
results indicated that there is a well-defined negative correlation between EL and LTSS in these
subpopulstions (Figure 3.7 A). The most chilling tolerant subpopulations were tej and trj, with
average LTSS scores of 80.72% and 83.37%, and EL scores of 14.37% and 16.99%, respectively.
The most chilling sensitive subpopulations were aus and ind, of which the LTSS scores were 7.09%
and 5.84%, and EL scores were 45.32% and 44.38%, respectively. Aro and mix cultivars were
intermediate groups, with LTSS scores of 77.66% and 37.37%, and EL scores of 15.75% and
28.59%, respectively (Figure 3.7 A).
To analyze the correlation between chilling tolerance and allele frequency, we examined
the haplotype frequency of the Os04g24110 CDS in all representative subgroups using the
bioinformatic database “RiceVar” and RMC re-sequencing data (Wang et al., 2016b), and found
that the allele frequency is substantially correlated with sub-population phenotypic data.
Specifically, a haplotype analysis of 2,000 bp genomic DNA including 500 bp upstream
of the coding region using the RiceVarMap browser and data (Zhao et al., 2014) identified total
14 haplotypes containing seven major ones (I, II, III, IV, V, IX, and X found in at least 100
accessions) of total 4402 accessions population (Figure 3.7 B, Table S4). The haplotype I and V
were predominantly present in JAPONICA subspecies (temperate japonica, tropical japonica,
and japonica_admix) with a frequency of 83.77% and 93.63% respectively. In contrast, the
haplotype II, III, IV and IX were found predominantly in INDICA subspecies (indica I, indica II,
indica III, indica_admix, and aus) with a frequency of 96.90%, 98.41%, 84.96%, and 97.39%
respectively. However, the frequency of haplotype X was not found significantly different
between JAPONIC (43.94%) and INDICA (35.99%) subspecies. Furthermore, analysis showed
INDICA haplotype II, III and IX were more phylogenetically similar as they were clustered
together while JAPONIC haplotype I was clustered with V.
We also identified four major haplotypes of five SNPs using RMC re-sequencing data
(Wang et al., 2016b), the first three of which correspond to the last three SNPs in the upstream
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promoter and the fourth and fifth to the first and last SNPs in the coding region affecting,
respectively, a non-synonymous and synonymous amino acid substitution (Figure 3.6 A, B). The
four haplotypes were predominantly found in different rice subpopulations of the RMC as follows:
ACCTC, 100% (34/34) and 85% (28/33) in temperate japonica and tropical japonica,
respectively; GCTGG, 71% (48/68) in indica; GTTGG, 79% (30/38) in aus; and GCCGG, 15%
(5/33) exclusively in tropical japonica (Figure 3.7 C). A correlation analysis between these
Os04g24110 haplotypes and LTSS using all 203 O. sativa accessions of the RMC indicated that
those with the indica and aus haplotypes had significantly lower LTSS scores at P values of
7.72x10-31 and 1.62x10-20 (two-tailed Student’s t-test), respectively, while there was no difference
between the temperate and small subset of tropical japonica haplotypes (P=0.6476; Figure 3.7 C).
When all 67 temperate and tropical japonica accessions were removed from the analysis, indica,
aus, and Admix accessions with the ACCTC haplotype had significantly higher LTSS scores than
those with the GCTCC (P=2.68x10-5) and GTTGG (P=0.0037) haplotypes. And an analysis using
only the 24 Admix accessions of the RMC showed that 12 and 8 had the temperate japonica
ACCTC and indica GCTGG haplotypes, respectively, and their LTSS scores were significantly
different with a P value of 2.03x10-5 (Figure 3.7 D). Combining the lone aus GTTGG haplotype
with the indica ones increased the significance to P=3.75x10-6 while there was no significant
difference in LTSS scores between the accessions with temperate and tropical japonica
haplotypes. These results indicated that differences in either gene expression or protein structure,
or both, of Os04g24110 might contribute to the observed chilling tolerance differences between
JAPONICA and INDICA rice subspecies.
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Figure 3.6 SNP haplotypes of Os04g24110 promoter, coding region and protein sequences in JAPONICA
and INDICA reference subspecies. (A) The first three SNPs used in haplotype analysis in promoter region
are highlighted (2, 3 and 5). The arrows indicate forward and reverse cloning primers (7 and 8). The
potential transcription factor binding sites are highlighted with lines (1, 2, 3, 4, 6). (B) The first and last of
four SNPs in coding region (1 to 4) were used as the last two SNPs in haplotype analysis. (C) Three non-
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synonymous amino acid changes resulting from three SNPs in coding region are highlighted with
corresponding numbers (1 to 3).

The structural modeling analysis using a homologous protein suggested that these amino
acid alterations were located on the surface of the Os04g24110 enzyme rather than in the active
site. The first amino acid variant was localized at the beginning of a β sheet, while the second and
third were in an α helix domain, suggesting their potential roles in protein-protein interaction
(Figure 3.7 E). Phylogenetic similarity analysis of Os04g24110 protein sequence showed that the
most genetically similar proteins to Os04g24110, besides hypothetical proteins with unknown
functions, were UDP-glycosyltransferases present in multiple monocot plants including rice
(Oryza, sativa), sorghum (Sorghum bicolor), and corn (Zea mays) (Figure 3.8 A), suggesting
Os04g24110 is very likely an UDP-glycosyltransferase. Another bioinformatics analysis
(PredictProtein) program for simulating the functional consequences of any amino acid change in
a protein also suggested that the first and second non-synonymous amino acid substitutions would
have a remarkable effect on Os04g24110 enzyme function, in which especially the first SNP
would have the most effect (Figure 3.8 B). This evidence suggests that the Os04g24110-encoding
protein is likely to play a key role in chilling tolerance response mechanism through its enzymatic
property.
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Figure 3.7 Correlation Os04g24110 haplotypes with EL and LTSS in different subpopulations of the Rice
Mini-Core (RMC) collection. (A) Correlation analysis between LTSS and EL for all 203 O. sativa
accessions in RMC. (B) Haplotype distribution and phylogenetic analysis of Os04g24110 in 4402
accessions using RiceVarMap database. The circle size and branch length represent the total haplotype
distribution frequency and phylogenetic dissimilarity between haplotypes respectively. (C) Correlation
analysis between LTSS and haplotype for all 203 O. sativa accessions in RMC. Two-week-old RMC
accessions were exposed to 10°C for 7 days and allowed to recover at warm temperatures for one week
after which LTSS was determined. temperate japonica (TeJ); tropical japonica (TrJ); indica (Ind); and aus
(Aus). (D) Correlation analysis between LTSS and haplotype for only 24 Admixture accessions of the
RMC. € Protein structural modeling shows location of three non-synonymous amino acid alteration with
corresponding number 1-3 in Figure 3.6 C. **: P <10-4; ***: P <10-19 (two-tailed Student’s t-test).
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INDICA UGT90A1 amino acid sequence

20 amino acids substitute

Figure 3.8 Bioinformatic analysis suggest Os04g24110 is an UDP-glycosyltransferase. (A) The
phylogenetic analysis of Os04g24110 protein based on sequence similarities among annotated
glycosyltransferases in other plant species. The highlighted “unnamed protein product” represents the
Os04g24110. (B) The heatmap generated by “PredictProtein” bioinformatic algorithm represents
theoretical functional effects on Os04g24110 enzymatic activity resulting from common 20 nonsynonymous amino acid substitution. The color of each grid indicates functional effect ranging from
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highest probability (dark red) to lowest (dark green). Black indicates analysis is unavailable. The X-axis
represents INDICA UGT90A1 amino acid sequences. The Y-axis represents 20 common amino acids as
potential substitutes of those in X-axis. Highlighted grids (arrow and number) represent the nonsynonymous amino acid changes corresponding to those in Figure 3.6 C (1: Y→D; 2: E→A; 3: A→S).

In addition, although RM16662 on chromosome 4 was not used as a genetic marker for
GWAS mapping, we showed it to be significantly associated with the PGC phenotype that
marked the qPGC4(bi) QTL in our bi-parental mapping project (p<0.05, Table 3.4). RM16662
covers a genetic region of the 3’UTR of Os04g24110 that is suggested to contain an InDel
variation between cold tolerant and sensitive reference genomes. (Figure 3.5, 3.9). Thus, we
hypothesized that this InDel variation might be involved in a regulatory element that affects either
the transcriptional or translational regulation of Os04g24110. To test this hypothesis, we
correlated the genomic size of this InDel variation with LTSS scores of 87 representative
cultivars in RMC. The result indicated the genomic size of RM16662 associated-InDel in RMC
cultivars was moderately (R2=0.3897) correlated with their LTSS scores, suggesting a potential
role of the RM16662 associated-InDel in regulating Os04g24110 expression that could partially
contribute to the overall chilling tolerance network.
Taken together, these evidences strongly suggested that Os04g24110 is a potential
chilling tolerance gene associated with the novel QTL qLTSS4-1. It is possibly involved in
chilling response pathway by functioning as a flavonoid/anthocyanin 3-O-UDPglycosyltransferase with allelic differences in the promoter, coding region, and potentially 3’
UTR region that correlate closely to rice subpopulations with distinct chilling tolerance abilities.
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Figure 3.9 The correlation between the size of 3’ UTR of Os04g24110 and Low Temperature Seedling
Survivability (LTSS)% among RMC accessions. (A) The schematic graph demonstrating the Os04g24110
gene structure and the InDel variation (black triangle) at its 3’ end between JAPONICA and INDICA
reference genomes. The location of primers used in PCR are labeled by arrows. (B) The positive correlation
of LTSS and the size of PCR product fragment targeting 3’ end InDel variation of Os04g24110.

3.5

Correlation of Os04g24110 expression with chilling tolerance phenotypes

Bioinformatics and metadata analyses indicated that Os04g24110 is more highly
expressed in chilling tolerant Nipponbare than chilling sensitive 93-11 and differentially
expressed during low temperature exposure (Zhang et al., 2012). To confirm these expression
profiles for RMC cultivars, we selected KRASNODARSKIJ 3352 from the temperate japonica
subpopulation (ACCTC haplotype) and CAROLINO 164 from the aus subpopulation (GTTGG
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haplotype) as JAPONICA an INDICA subspecies references, respectively, because they had above
and below average subpopulation and subspecies chilling tolerance scores across five different
cold stress tolerance parameters (Schläppi et al., 2017). Quantitative reverse-transcription
polymerase chain reaction (qRT-PCR) analyses showed that Os04g24110 was more highly
expressed in leaves than in roots; more highly expressed in the JAPONICA than the INDICA
subspecies reference at warm temperatures; and was cold temperature induced in both the
JAPONICA than the INDICA subspecies references in either tissue (Figure 3.10 A). A similar
result was obtained when quantitative Os04g24110 expression was averaged using three
additional chilling tolerant JAPONICA RMC accessions with ACCTC haplotypes (H57-3-1, WIR
911, and M202) and compared to three additional chilling sensitive INDICA RMC accessions
with GCTGG haplotypes (Djimoron, IR 238, and Sapundali Local) (Figure 3.10 B). Thus, for
every RMC line tested, Os04g24110 was more highly expressed in chilling tolerant JAPONICA
than chilling sensitive INDICA accessions before and after cold stress treatment, which is in
agreement with in silico data based on the Nipponbare and 93-11 reference accessions.
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Figure 3.10 Gene expression profile of Os04g24110 in different rice tissues at warm and cold temperatures
and in transgenic Arabidopsis plants. (a) Relative expression of Os04g24110 in root and leaf tissues of the
JAPONICA accession KRASNODARSKIJ 3352 and INDICA accession CAROLINO 164 at 28°C/25°C
(control) and after exposure to 4°C for 7 hrs was determined by qPCR analysis. (b) Average Os04g24110
gene expression levels in leaf tissues of three additional JAPONICA accessions (H57-3-1, WIR 911, and
M202) and three additional INDICA accessions (Djimoron, IR 238, and Sapundali Local) under 28°C/25°C
control conditions and exposure to 4°C for 7 hrs determined by qPCR analysis. (c) Quantification of
luciferase (LUC) bioluminescent signal at room temperature in rice protoplast transiently transfected with
Os04g24110-promoter::LUC reporter gene containing plasmids. (D) In vivo visualization of of LUC

104
intensity in whole plants of homozygous Arabidopsis lines transformed with a 500 bp-Os04g24110promoter::LUC construct before (control) and after chilling treatment at 4°C for 3 hrs. € Quantification of
LUC intensity in (D). JAP::LUC contained a 500 bp Os04g24110 promoter region from the JAPONCA
accession KRASNODARSKIJ 3352, and IND::LUC had the same genomic fragment from the INDICA
accession CAROLINO 164. *: P <0.05; **: P <0.01; ***: P <0.001 (two-tailed Student’s t-test). ELT1 =

Os04g24110.

Figure 3.11 Effect of Os04g24110 overexpression on LTSS. (A-C) Os04g24110 overexpression and
knockout showed no significant effect on LTSS score in transgenic rice plants.

Because the first A>G SNP of Os04g24110 haplotypes is within its proximate upstream
regulatory region and might be part of a bZIP binding site (Actcat) in JAPONICA, but not
INDICA (Gctcat) accessions, we generated Os04g24110::LUCIFERASE (LUC) reporter gene
fusions using 500 bp genomic DNA upstream of the coding region from KRASNODARSKIJ
3352 (ACC upstream haplotype) and CAROLINO 164 (GTT haplotype) to test expression
differences. Transient expression assays in rice protoplasts showed that at room temperature, the
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JAPONICA fragment was more highly expressed that the INDICA one (Figure 3.10 C). In
transgenic Arabidopsis plants, those with the JAPONICA fragment had significantly more LUC
expression after cold treatment than those with the INDICA fragment (Figure 3.10 D, E). Taken
together, these results indicated that Os04g24110 is more highly expressed in chilling tolerant
than chilling sensitive rice cultivars and that certain SNPs in its upstream regulatory region might
be responsible for those expression differences.

3.6

Involvement of Os04g24110 in protecting cell membrane integrity during abiotic stress

The higher abundance of steady state mRNA in JAPONICA than INDICA accessions both
at warm temperatures and after cold exposure suggested that increased Os04g24110 expression
might contribute to the superior chilling tolerance of JAPONICA accessions. However, because
there are also three SNPs in the Os04g24110 coding region resulting in non-synonymous amino
acid substitutions (Figure 3.6 B, C), differences in the protein sequence could affect enzyme
activity of this putative UDP-glycosyltransferase and also might contribute to the superior
chilling tolerance of JAPONICA accessions. To test these hypotheses, we generated transgenic
rice plants overexpressing both the JAPONICA allele (from KRASNODARSKIJ 3352) and the
INDICA allele (from CAROLINO 164) of Os04g24110 from a strong constitutive promoter in the
chilling tolerant Nipponbare (ACCTC haplotype) and chilling sensitive Kasalath (GTTGG
haplotype) backgrounds, and by knocking the gene out in the chilling tolerant Zhong Hua 11
(ZH11; ACCTC haplotype) background. An analysis of three overexpression (OX) lines for each
background and two knockout (KO) lines showed that there was no LTSS differences between
wild type (WT) control plants and transgenic rice lines, both at warm temperature and after cold
temperature stress exposure (Figure 3.11). Yet, when we tested the survivability of transgenic
Arabidopsis overexpressing both JAPONICA and the INDICA allele of Os04g24110 in Ler-0
background, and knocking out two Os04g24110 closest homologs in the Col-0 background after
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freezing treatment, the significantly higher and lower survivability in OX lines at -4°C and KO
lines at -2°C, respectively, than their corresponding wildtypes, were observed (Figure 3.12),
indicating functional effect of Os04g24110 in Arabidopsis is similar to and greater than that in
rice, which is probably due to the natural variation.
By contrast, when we determined percent electrolyte leakage (EL) as a measure for cold
stress induced cellular membrane damage (Bajji et al., 2002; Campos et al., 2003; Peever and
Higgins, 1989; Demidchik et al., 2014), there were significant differences between WT and
transgenic lines (Figure 3.13 A-C). That is, regardless of which allele was used, OX lines had less
and KO lines had more EL than WT after cold exposure, indicating that Os04g24110 helped
protect the plasma membrane against cold stress induced cellular lesions. The same result was
obtained in a heterologous system when the two Os04g24110 alleles were overexpressed in
transgenic Arabidopsis lines and assayed after exposure to freezing temperatures (Figure 3.13 D).
Therefore, because there was no significant difference between the JAPONICA and INDICA
allele of Os04g24110 in protecting transgenic plants against cold stress induced cellular damage,
differences between JAPONICA and INDICA gene expression most likely contributed to the
observed differences in chilling tolerance phenotypes. In agreement with this, there was a
negative correlation between Os04g24110 expression levels and EL as a measure of membrane
damage in transgenic rice and Arabidopsis plants, that is, higher Os04g24110 expression
generally correlated with less EL after cold temperature exposure (Figure 3.14). Similar results
were obtained when WT, OX, and KO lines were stained with propidium iodide (PI), which
cannot cross an intact plasma membrane and generates a fluorescent signal in the nucleus only
after penetrating damaged cells (Chen et al., 2006). PI staining confirmed that for both rice and
Arabidopsis plants, OX lines had significantly fewer and KO lines significantly more cells with
stained nuclei than WT plants after cold exposure, indicating that OX lines had fewer and KO
lines more cellular lesions (Figure 3.15). Therefore, we renamed Os04g24110 ELECTROLYTE
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LEAKAGE TOLERANCE 1 (ELT1), because this putative UDP-glycosyltransferase encoding
gene helped protect plant cells against abiotic stress induced cellular membrane damage.
Moreover, our results indicated that ELT1 mRNA abundance instead of the primary protein
sequence determines its biological function under low-temperature stress.

Figure 3.12 Freezing survivability of Os04g24110 overexpression (OX) transgenic plants in Ler-0 and
homologous knockout mutants in Col-0 background. (A). Survivability of Ler-0 wildtype and OX-Ind-5
and OX-Jap-13 transgenic lines after treatments of normal (22°C) and freezing (-2°C, -4°C and -6°C)
temperature. (B). Survivability of Ler-0 wildtype and Os04g24110 homologous knockout lines (HO-KO1 and HO-KO-2) after treatments of normal (22°C) and freezing (-2°C, -4°C and -6°C) temperature. *: P
<0.05; **: P <0.01; ***: P <0.001 (two-tailed Student’s t-test).
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Figure 3.13 Determination of percent (%) electrolyte leakage (EL) as a measure of low-temperature or
freezing stress induced cellular damage in wild type (WT) and Os04g24110 overexpression (OX) or
knockout (KO) transgenic rice and Arabidopsis plants. (a) % EL in the WT INDICA accession Kasalath
(Kasa) or three Os04g24110 OX transgenic lines (Jap-1, Ind-1, Ind-3) at warm temperatures (control) or
after chilling treatment at 10°C for two days. (b) % EL in the WT JAPONICA accession Nipponbare (Nipp)
or three Os04g24110 OX transgenic lines (Jap-1, Jap-2, Ind-3) at warm temperatures (control) or after
chilling treatment at 4°C for four days. (c) % EL in the WT JAPONICA accession Zhong Hua 11 (ZH11) or
two KO mutant lines of Os04g24110 (KO-3, KO-8) at warm temperatures (control) or after chilling
treatment at 4°C for four days. (d) % EL in the WT Arabidopsis ecotype Columbia-0 (Col-0) or four
Os04g24110 OX transgenic lines (Jap-11, Jap-12, Ind-11, Ind-16) at warm temperatures (control) or after
freezing treatment at -2°C for 1.5 hrs. Numbers below the bar graphs indicate different transgenic lines. Ind
and Jap indicate that the INDICA or JAPONICA allele of Os04g24110, respectively, was overexpressed. *:
P <0.05; **: P <0.01; ***: P <0.001 (two-tailed Student’s t-test).
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Figure 3.14 Correlation of ELT1 mRNA abundance with EL phenotype in transgenic rice and Arabidopsis
plants. Each dot represents an individual transgenic line in Kasalath (A), Nipponbare (B), ZH11 (C) and
Col-0 (D) background with a relative expression level (X-axis) of ELT1 and a corresponding EL score (Yaxis).

110

111

Figure 3.15 ELT1 maintained plasma membrane integrity under low-temperature stress. A-C, PI staining
of the epidermal cell of leaf tissue in Kasalath, Nipponbare OX, and in Zh11 KO lines with chilling stress.
D, PI staining of the epidermal cell of the leaf tissue in Col-0 OX lines after freezing stress. Damaged cells
with PI-stained red nucleus are labeled by arrows. E-H, Quantification of nucleus-stained cell detected in
A-D respectively. *, P <0.05; **, P <0.01; ***, P <0.001.

3.7

Involvement of ELT1 in abiotic stress tolerance pathways

Stress response mechanisms triggered by multiple abiotic stresses often converge in a
network of coordinated biochemical and biomolecular pathways. To study the potential role of
ELT1 in response to salt as another abiotic stress, we performed germination assays using seeds
of WT and homozygous ELT1 OX Arabidopsis lines. There was no significant difference in
germination rates on 0 mM NaCl control plates, however, there were two to four time points with
significant differences between WT controls and transgenic lines during a two-week germination
period on 50, 100, 150, and 200 mM NaCl during which seeds of transgenic lines germinated
faster than WT seeds under mild to severe salt stress conditions, regardless of which ELT1 allele
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was overexpressed (Figure 3.16 A-E). Moreover, transgenic Arabidopsis lines grown for two
weeks on 50 mM NaCl also had less EL than WT plants (Figure 3.16 F-G), suggesting that ELT1
also affects mechanisms of salt stress tolerance responses.
Because reactive oxygen species (ROS) are produced as abiotic stress signaling
molecules and as a result of excessive abiotic stress (Mittler at al., 2010; 2012), we determined
whether ELT1 had a role in regulating ROS levels during abiotic stress. We first used Nitro Blue
Tetrazolium (NBT) staining, which detects ROS in living cells (Muñoz et al., 2000; Kumar et al.,
2014), to qualitatively measure the amount of ROS generated during chilling stress in WT and
ELT1 OX Arabidopsis or ELT1 OX and elt1 KO transgenic rice plants. NBT staining showed that
there was no difference between WT and transgenic plants under warm temperature growth
conditions (Figure 3.17). In contrast, there were obvious differences in NBT staining between
WT and transgenic plants after cold temperature exposure. That is, ELT1 OX Arabidopsis and
rice plants had fewer leaf areas with detectable ROS production than WT plants, while elt1 KO
rice plants had more and larger ROS producing leaf sections than WT plants.
To determine whether ELT1 had an effect on enzymatic antioxidant activity to reduce the
amount of ROS produced during abiotic stress, we determined catalase (CAT) enzyme activities
in WT and transgenic plants as a measure for H2O2 scavenging (Willekens et al., 1997). CAT
assays showed that there was no significant difference between WT and transgenic plants under
warm temperature growth conditions (Figure 3.18; Figure 3.19 A). However, under cold
temperature stress conditions that produced more ROS (Figure 3.17 A-D), there was significantly
more CAT activity in both Arabidopsis and rice ELT1 OX lines regardless of which ELT1 allele
was overexpressed (Figure 3.19 A; Figure 3.18 A-B), and significantly less CAT activity in elt1
KO lines (Figure 3.18 C). Moreover, while there was no difference in CAT activity between WT
and ELT1 OX Arabidopsis plants under control conditions, there was significantly more CAT
activity in ELT1 OX than WT plants on 50 and 100 mM NaCl (Figure 3.19 B). Taken together,
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these results showed that ELT1 helps lower ROS levels during cold stress by increasing
antioxidant enzyme activity, resulting in decreased abiotic stress mediated cellular lesions.
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Figure 3.16 Determination of salt stress tolerance in wild type (WT) Arabidopsis ecotypes and
Os04g24110=ELT1 overexpression (OX) transgenic lines. (a), (b), (c), (d), (e), percent (%) seed
germination of WT and two different ELT1 OX homozygous transgenic lines (Ind-5, Jap-13) on halfstrength MS medium supplemented with 0, 50, 100, 150, and 200 mM NaCl, respectively. (f) % electrolyte
leakage (EL) in two-week-old WT Landsberg erecta-0 (Ler-0) Arabidopsis plants or two Ler-0 transgenic
lines (Ind-5, Jap-13) transformed with ELT1 OX constructs grown on 0 or 50 mM of NaCl. (g) % EL in
two-week-old WT Columbia-0 (Col-0) Arabidopsis plants or four Col-0 transgenic lines (Ind-11, Ind-12,
Jap-11, Jap-16) transformed with ELT1 OX constructs grown on 0 or 50 mM of NaCl. Ind and Jap indicate
that the INDICA or JAPONICA allele of ELT1, respectively, was overexpressed. *: P <0.05; **: P <0.01
(two-tailed Student’s t-test).
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Figure 3.17 Effect of ELT1 overexpression (OX) and knockout (KO) on ROS scavenging activity under
chilling stress in transgenic rice and Arabidopsis. NBT staining (blue, highlighted by red) to visualize ROS
content in the leaf of wildtype and OX lines in Kasalath (A) and Nipponbare (B) background, and of KO
lines in the ZH11 (C) background. (D) staining to visualize the ROS •O2-.in WT Columbia-0 (Col-0) plants
or four ELT1 OX transgenic lines (Ind-11, Ind-12, Jap-11, Jap-16) at warm temperatures (control) or after
freezing treatment at -2°C for 1.5 hrs.
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Figure 3.18 Catalase (CAT) antioxidant enzyme activity in wild type (WT) rice and ELT1 overexpression
(OX) transgenic lines. (a) CAT enzyme activity in WT Kasalath (Kasa) plants or three ELT1 OX transgenic
lines (Jap-1, Ind-1, Ind-3) at warm temperatures (control) or after chilling treatment at 10°C for two days.
(b) CAT enzyme activity in WT Nipponbare (Nipp) plants or three ELT1 OX transgenic lines (Jap-1, Jap-2,
Ind-3) at warm temperatures (control) or after chilling treatment at 4°C for four days. (c) CAT enzyme
activity in WT Zhong Hua 11 (ZH11) plants or two KO mutant lines of Os04g24110 (KO-3, KO-8) at
warm temperatures (control) or after chilling treatment at 4°C for four days. The relative catalase activity
was normalized to total protein. *: P <0.05; **: P <0.01; ***: P <0.001 (two-tailed Student’s t-test).
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Figure 3.19 Catalase (CAT) antioxidant enzyme activity in wild type (WT) Arabidopsis and ELT1
overexpression (OX) transgenic lines. (A) CAT enzyme activity in WT Col-0 plants or four ELT1 OX
transgenic lines (Ind-11, Ind-12, Jap-11, Jap-16) at warm temperatures (control) or after freezing treatment
at -2°C for 1.5 hrs. (B) CAT enzyme activity in WT Landsberg erecta-0 (Ler-0) plants or two ELT1 OX
transgenic lines (Ind-5, Jap-13) on 0, 50, and 100 mM of NaCl. The relative catalase activity was
normalized to total protein. *: P <0.05; **: P <0.01; ***: P <0.001 (two-tailed Student’s t-test).

3.8

Subcellular localization of ELT1 and potential protein function

Subcellular localization of a protein can help infer its function. To determine the
subcellular localization of ELT1, we introduced plasmids containing a 35S promoter followed by
a N-terminal fusions of ELT1 to the enhanced green fluorescent protein (eGFP) reporter gene into
tobacco leaf epidermal cells and rice protoplasts, and ELT1::eGFP fusion protein localization was
analyzed using a confocal laser scanning microscope. Interestingly, although localization of
ELT1 is predominant at cell membrane for all tobacco transformants, some protein aggregates
close to cell membrane were present in tobacco transformed with either INDICA or JAPONICA
ELT1 alleles but absent in that with empty-eGFP control construct (Figure 3.20)
Inconsistently, an interrogation of numerous GFP positive rice protoplasts indicated that
ELT1 is predominantly localized to the cytoplasm but might also have some affinity for the
plasma membrane and internal membrane systems but is not to the nucleus or chloroplasts
(Figure 3.21). Since ELT1 is annotated as a putative anthocyanin 3-O-beta-UDP-
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glycosyltransferase enzyme, this result suggests that it performs its enzymatic activity
predominantly in the cytoplasm and/or in association with internal membranes.
To determine whether a higher or lower expression level of ELT1 affected the overall
anthocyanin concentration of transgenic plants, we extracted the total flavonoid/anthocyanin
contents from two-week-old leaf tissues of plants grown with or without chilling stress. This
assay showed that there was no significant difference in total flavonoid/anthocyanin contents
between WT and transgenic plants, neither with nor without chilling treatment (Figure 3.22 A-B).
To test whether ELT1 affected the abundance of certain flavonoid/anthocyanin compounds and
their derivatives without changing the total flavonoid/anthocyanin content, the thin layer
chromatography (TLC) technique was used to preliminarily detect any significant alterations of
flavonoid/anthocyanin composition between rice wildtype and transgenic lines. On the TLC plate,
all wildtype and transgenic lines in the Kasalath background exhibited, in spite of inconsistent
loading quantity, a unique flavonoid/anthocyanin composition compared to those from the
Nipponbare background, which showed another unique flavonoid/anthocyanin pattern as well
(Figure 3.23). Certain flavonoid/anthocyanin compounds specific in Kasalath background lines
migrated faster (upper rectangle) while some other Nipponbare-specific flavonoid/anthocyanin
migrated slowly (lower rectangle), despite of that they were mostly similar. We also performed
HPLC-MS analyses to determine their specific compositions in leaf tissues of WT, OX, and KO
transgenic lines immediately after chilling treatment. Compared to WT plants, the results
suggested that there was a slightly different flavonoid/anthocyanin composition profile in ELT1
OX transgenic plants (Figure 3.24), however, no difference in flavonoid/anthocyanin composition
profile was detected between WT and elt1 KO plants (Figure 3.25). To determine whether the
slightly different flavonoid/anthocyanin composition profile in ELT1 OX lines had an effect on
the non-enzymatic antioxidant activity of isolated total flavonoid/anthocyanin compounds, we
performed a 2,2-diphenyl-1-picrylhydrazyl (DPPH) reduction assay as an indicator for general
antioxidant activity, because DPPH can be reduced by common antioxidants (Mensor, et al., 2001;
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Molyneux, 2004; Sharma and Bhat, 2009). This assay showed that there was no significant
increase in antioxidant activity of isolated total flavonoid/anthocyanin compounds between WT
and ELT1 OX lines under both warm and chilling temperatures (Figure 3.22 C-D), suggesting that
the observed increase in ROS scavenging activity of ELT1 OX plants was not due to the slightly
altered flavonoid/anthocyanin composition profile of those transgenic lines.
Taken together, these results suggested that ELT1 might have the potential to glycosylate
flavonoid/anthocyanin compounds, but possibly also other compounds, because the increase in
ROS scavenging activity of ELT1 OX plants was due to increased antioxidant enzyme activity
and not due to non-enzymatic antioxidant activity of the slightly altered flavonoid/anthocyanin
profile.

Figure 3.20 Subcellular localization of ELT-1:: eGFP recombinant protein in transgenic tobacco epidermal
cell after cold treatment at 4°C for 3 hrs. (A) – (C) Subcellular localization of ELT-1:: eGFP in tobacco
transformed with Ind-eGFP , Jap-eGFP and empty-eGFP constructs respectively. Significant protein
aggregates are indicated by white arrows.
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Figure 3.21 Visualization of the subcellular localization of ELT1::enhanced green fluorescent protein
(eGFP) in rice protoplasts at warm temperatures. (a) Bright field image of a ELT1::eGFP fusion protein
containing protoplast. (b) FMTM 4-64 staining to visualize the plasma membrane (red). (c) Visualization of
the ELT1::eGFP fusion protein (green). (d) Merged image is overlay of FM 4-64 (b) and eGFP (c) to
visualize small spots of overlap (yellow). The small green ring inside the protoplasts shows ELT1::eGFP
affinity for an internal membrane, most likely the tononplast. (e) Bright field image of a ELT1::eGFP
fusion protein containing protoplast. (f) Visualization of chloroplasts (red). (g) Visualization of the
ELT1::eGFP fusion protein (green). (h) Merge is overlay of chloroplast image (f) and eGFP image (g).
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Figure 3.22 Overall concentration and non-enzymatic antioxidant activity of total flavonoid/anthocyanin
content extracted from leaf tissue of transgenic rice plants. (A-B) Total flavonoid/anthocyanin content in
leaf tissue of Kasalath and Nipponbare overexpression lines respectively. (C-D) Non-enzymatic antioxidant
activity determined by DPPH free radical in flavonoid/anthocyanin extract shown in (A-B).
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Figure 3.23 The UV-view of Thin Layer chromatography (TLC) plate that shows total
phenolic/anthocyanin content profile. The total phenolic/anthocyanin mixture were spotted at the bottom of
the plate as a shape of circle. The components of mix were separated as migrating from starting point
straight up toward the top by capillary forces. The black and white rectangles represent
phenolic/anthocyanin components that are predominantly present in lines with Kasalath and Nipponbare
genomic background respectively.
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Figure 3.24 Effect of ELT1 overexpression (OX) on flavonoid/anthocyanin composition under chilling
stress. (A-B) HPLC-MS assay determined specific flavonoid/anthocyanin composition groups (left) and
compounds (right) for OX lines in both Kasalath and Nipponbare background.
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Figure 3.25 Effect of ELT1 knockout (KO) on flavonoid/anthocyanin composition under chilling stress.
HPLC-MS assay determined specific flavonoid/anthocyanin composition groups in elt1 KO mutants in the
ZH11 background respectively.

3.9

Purification of ELT1 protein for biochemical characterization

Since ELT1 might encode an anthocyanin UDP-glycosyltransferase enzyme of the
UGT90A1 family, it is necessary to conduct a biochemical characterization in order to further
reveal its function related to anthocyanin biosynthesis and chilling stress pathways. As an initial
step toward this purpose, we first cloned the full length ELT1 ORF fused with a Glutathione Stransferases (GST) tag and expressed it in E. coli cells. To optimize the lysis process, we first
extracted the ELT1 protein using six different lysis buffers after cell sonication. The western blot
result showed that ELT1 protein was present predominantly in the insoluble fraction instead of
the soluble fraction of E. coli cell lysate (Figure 3.26 A). Additionally, lysis buffer 1 and 2
seemed to generate more ELT1 protein in the same amount of isolated soluble fraction than other
lysis buffers (Figure 3.26 A). To purify ELT1::GST recombinant protein, we used affinity-based
method with Glutathione Agarose Resin to specifically bind to and elute the GST tag attached to
ELT1. The purified ELT1::GST recombinant protein was validated by western blot. The result
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showed the purified protein was with much less protein background than original lysate and much
more concentrated compared to those in the elution solution, although a small amount of
background protein was still not completely removed (Figure 3.26 B).
The results proved the feasibility of ectopically expression and purification of ELT1
enzyme in E. coli, which paved the foundation for the subsequent biochemical characterization of
enzymatic function of ELT1 in vitro and in vivo.

Figure 3.26 The western blot showing the expression and purification of ELT1-GST recombinant protein
in E. coli. (A) Western blot shows the optimization process of expression of ELT1-GST in E. coli by using
six different lysis buffers. (B) Western blot validates the purified ELT1-GST recombinant protein.
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4

4.1

DISCUSSION

Mapping of chilling tolerance Quantitative Trait Loci (QTL) and genes in plants and
specifically in rice

Rice (Oryza sativa L.) is generally considered as a low-temperature-sensitive plant
species because it emerged and evolved from subtropical region. In human history, the cultivation
area of rice, especially for JAPONICA, has been expanded from origin successfully to regions
with a much lower temperature such as Northern China, Japan, Korea and Russia by intended
domestication and breeding with some low-temperature tolerant wild rice species. Thus, two
major subgroups, JAPONICA and INDICA, are thought to be relatively cold tolerant and sensitive,
respectively (Glaszmann et al., 1990). This is consistent with our phenotypic data of five chilling
tolerance indices within Rice Mini Core Collection (RMC) subpopulations (Table 3.1). The
JAPONICA group (aromatic, tropical japonica and temperate japonica) and the INDICA group
(aus and indica) had the highest and lowest mean, respectively, for all indices except LTG, for
which the mean of aromatic was even lower than that for aus and indica.
Even though more than 250 low-temperature-related QTL have been mapped for all 12
rice chromosomes largely through the use of recombinant inbred lines (RIL), double haploid (DH)
lines, backcross inbred lines (BIL), or nearly isogenic lines (NIL), most of those were preliminary
data with low mapping resolutions (Liu et al., 2003; Andaya and Mackil 2003; Xu et al., 2008;
Kuroki et al., 2009; Mori et al., 2011; Shirasawa et al., 2012; Biswas et al., 2017). So far, only 12
of those QTL were convincingly validated, which are: five reproduction/yield-related QTL
(qLTB3, qCTB7, qCTB8, qCT-3-2 and qCTB10-2) (Zhou et al., 2010; Kuroki et al., 2007; Zhu et
al., 2015; Endo et al., 2016; Li et al., 2018); six seedling survivability-related QTL (qCTS4,
qCtss11, qSCT1, qSCT11, qLOP2/qPSR2-1 and qRC10-2) Andaya and Tai., 2006; Koseki et al.,
2010; Kim et al., 2014; Xiao et al., 2014; 2015); and one germination-related QTL (qLTG-9) (Li
et al., 2013).
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Moreover, within candidate genes associated with these confirmed QTL, only eight lowtemperature tolerance genes have been cloned and functionally identified in the last two decades.
Specifically, CTS12 was the first gene identified to be associated with a “Cold Tolerance of the
Young Seedling” (CTS) quantitative trait locus and codes for a stress-induced protein with
multifunctional glutathione transferase (GST) activity. (Takesawa et al., 2002; Kim et al., 2011).
A single I > V amino acid substitution in GST correlates with reduced in vitro activity of the
enzyme from chilling sensitive plants. Similarly, qLTG3-1, the first gene identified to be associate
with a “Low-Temperature Germinability” (LTG) QTL, codes for a secreted hybrid glycine-rich
protein, and a single nucleotide substitution differentiates between strong and weak alleles
(Fujino et al., 2008). The biochemical function of the qLTG3-1 product is not known; however, a
conserved gene in Arabidopsis was previously shown to improve freezing tolerance and
germinability under different stress conditions (Bubier and Schläppi, 2004; Zhang and Schläppi,
2007; Xu et al., 2011), and it was recently shown that its protein product interacts with bZIP73 to
protect rice pollen during cold temperature stress (Liu et al., 2019). Ctb-1, the first gene to
associate with a “Cold Tolerance at the Booting Stage” (CTB) QTL, codes for an F-box protein,
suggesting that a ubiquitin-proteasome pathway is involved in chilling tolerance at this stage
(Saito et al., 2010). qCTS-9, underlined by LOC_Os09g24440, codes for a “function-unknown”
protein identified using RIL lines. qCTS-9 was speculated to be involved in the Brassinosteroid
(BR)-mediated signaling pathway during cold stress by directly interacting with the
BRASSINOSTEROID INSENSITIVE 1 (BRI1) protein (Zhao et al., 2017). A naturally occurring
amino-acid substitution (I99V) in a multifunctional glutathione transferase isoenzyme GSTZ2 was
strongly correlated with cold sensitivity in rice (Kim et al., 2011). A casein kinase I encoding
gene, LTG1, was found to have effects on multiple phenotypes in the cold acclimation process
including growth rate, booting time, and yield. And these were significantly correlated with an
amino-acid substitution (I357K) in the LTG1 protein (Lu et al., 2014). Another study) analyzed
three Single Nucleotide Polymorphism (SNP) (2536, 2511 and 1930 bp upstream of ATG) in
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CTB4a promoter haplotypes and found a strong correlation between these SNP and cold
resistance in 119 rice accessions (Zhang et al., 2017). CTB4a encodes a conserved leucine-rich
repeat receptor-like kinase (LRR-RLK) that affects the activity of ATP synthase by associating
with its β subunit (Zhang et al., 2017). Moreover, the first gene presumably involved in signal
transduction, “Chilling-Tolerance Divergence 1” (COLD1), was recently identified and codes for
a G-protein signaling regulator leading to Ca2+ influx into cells of chilling tolerant cultivars (Ma
et al., 2015). To better understand chilling tolerance, it is essential to identify additional rice
chilling tolerance genes.
Due to the limited genotypic diversity and low resolution in map-based QTL and QTLassociated genes identification, only 12 low-temperature associated QTL and eight their
associated genes have been successfully characterized. To overcome this limitation, we
conducted the Genome Wide Association Study (GWAS) QTL mapping strategy using the USDA
RMC as the mapping population in this study. We developed Low Temperature Germinability
(LTG), Plumle Growth after Cold Germination (PGCG), Low Temperature Seedling
Survivability (LTSS), Plumule Growth after Cold exposure (PGC), and Low Temperature
survival (LTS) as chilling tolerance parameters and identified a total of 48 chilling tolerance QTL
at 39 genetic loci (nine of them have been associate with more than one QTL). 37 of them were at
or near previously mapped QTL while two, qLTSS3-4 and qLTSS4-1, were identified for the first
time in this study. Interestingly, five of eight (62.5%) LTS-QTL, two of five (40%) PGC-QTL,
two of five (40%) PGCG-QTL, and 9 of 24 (38%) LTSS-QTL were at sites shared by QTL
identified by other indices while none of six (0%) LTG-QTL were shared. This suggests genetic
pathways involved in chilling stress response at the germination stage are probably unique while
survivability-related QTL at the seedling stage are associated with overlapping or connected
genetic mechanisms. This is also consistent with indices correlation analysis (Table 3.2) that
establishes a strong correlation among all survivability-related indices at seedling stages (LTS,
LTSS and PGC), a weak correlation among PGCG, and no correlation among LTG with all other
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indices. For these shared different QTL, further studies are needed to determine if they associate
with different genes or with a same gene functioning in different responsive pathways.
A bioinformatic pipeline was developed to identify candidate genes associated with
chilling tolerance QTL. Ideally, a chilling tolerance gene was expected to be a) chilling inducible;
b) differentially expressed in chilling tolerant and sensitive rice reference cultivars; c) expressed
mainly in leaf tissue; d) having SNPs in either the promoter or coding sequence; e) SNPs in
coding sequence, if any, result in non-synonymous amino acid change; f) of previously proved, if
any, or bioinformatically annotated function related to the response mechanism of abiotic stresses.
By applying this pipeline to screen genes about 1 Mb away from the genetic markers used for
QTL mapping, we were able to identify in total of 105 candidate genes for 48 QTL (Table S2). Of
these genes, 23 were suggested to confer cold tolerance, 38 to drought tolerance, and 32 to
salinity tolerance. Some of them contribute to more than one stress tolerance. This finding is
consistent with many previous studies that suggest the potential existence of certain shared
genetic pathways among abiotic stresses (Figure 1.1; 1.2). In addition, five candidate genes were
shown to participate in Reactive Oxygen Species (ROS) scavenging mechanisms as well as 15
candidates involved in phytochrome-mediated signaling pathways (five for ABA, five for
Jasmonate, four for ethylene, and one for salicylic acid). This agrees with a previously established
complex regulatory network in which ROS and phytohormones can act as general stress-induced
signaling messengers to regulate overall cellular responses to major abiotic stresses (Mittler et al.,
2002; 2004; 2011). Moreover, biotic stress resistance was also linked to nine of these candidate
genes, indicating a crosstalk between abiotic and biotic pathway, which is documented by
previous studies as well (Sharma R, et al., 2013; O’Brian and Benková2013; Ranty et al., 2016).

4.2

Bi-parental mapping
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Besides GWAS mapping, a bi-parental mapping was also conducted aiming to extend the
mapping strategy, to validate QTL identified in GWAS mapping, and to narrow down genetic
regions containing candidate genes. A F2:3 mapping population was generated from a cross of a
representative chilling tolerant JAPONICA parent KRASNODARSKIJ 3352 and a representative
chilling sensitive INDICA parent CAROLINO 164. The 100 F2 progeny were genotyped using 60
SSR marker included in GWAS mapping. The phenotype of F3 plants derived from selfpollination of their respective F2 plants was determined for LTSS and PGC indices. Within total
seven identified QTL (three LTSS-related and four PGC-related QTL), two LTSS-related and one
PGC-related QTL overlapped with QTL identified in GWAS mapping using the same genetic
markers, further confirming these genetic regions as chilling tolerant QTL (Table 3.4). Also,
another two LTSS-related and two PGC-related QTL with a significance value very close to the
cutoff of p <0.05 overlapped with those identified in GWAS. Thus, the smaller number of QTL
identified and the insufficient significance for some QTL might be due to a considerably smaller
size of the mapping population and higher genetic homogeneity of the bi-parental mapping
population compared to the RMC population used for GWAS mapping. Interestingly, qLTSS8(bi)
and qPGC8(bi) were found to be significantly (p<0.000007 and 0.000154, respectively)
correlated with LTSS and PGC phenotypes, but not significantly associated with the same marker
in GWAS mapping. However, these two QTL are near (~3 Mb downstream) the genomic region
of a recently published cold-tolerance QTL in rice, COLD2 (Ma et al. 2015). The SSR marker,
RM447, was also shown to be significantly associated with seedling salt tolerance (Zhe et al.,
2005) and tolerance of cold irrigation water at the booting stage (Cui et al., 2013). Notably, the
genetic marker RM16662 used to identify a significant (p=0.02279) and near significant
(p=0.05083) QTL, qPGC4(bi) and qLTSS4(bi), respectively, in bi-parental mapping, is less than
0.2 Mb away from RM3317, which marked one of the most significant (p=0.00093) QTL,
qLTSS4-1, in GWAS mapping. This further implies the genetic region related to qLTSS4-
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1/qLTSS4(bi)/qPGC4(bi) might be a novel and large-effect QTL for low-temperature tolerance in
rice.
After preliminary identification of qLTSS8(bi) and qPGC8(bi) as the most significant
QTL, we used 10 more genetic markers closely spanning RM447 to further confine the LD region
to a 60 kb segment containing only eight candidate genes (Table 3.6). Three of these eight genes,
Os08g42020, Os08g42030, and Os08g42080, were identified as potential candidate genes for
qLTSS8(bi) and qPGC8(bi) by both cold-induced expression profiles (data not shown) and
bioinformatics-based screening analysis (Table 3.5). Os08g42020 encodes a putative zinc ion
binding protein, which is a type of well-known transcription factor controlling gene expression in
abiotic stress responses (reviewed by Ciftci and Mittler, 2008; Li et al., 2013; Jiang, 2016).
Os08g42030 encodes a peroxidase that could function as a ROS scavenging enzyme.
Os08g42080 encode an ACT domain-containing protein that has been shown to be involved in
allosteric regulation of a wide range of metabolic enzymes for amino acid and purine metabolism
(reviewed by Liberles, 2005; Grant, 2006).

4.3

Identification of ELT1 as a chilling tolerance candidate gene associated with qLTSS4-1

The genetic marker RM3317 and RM16662 on chromosome 4 were significantly and
moderately associated with LTSS in GWAS and with PGC in bi-parental mapping, which defined
two QTL, qLTSS4-1 and qPGC4(bi) (Figure 3.1; Table 3.4). 46 genes within the 1 Mb range of
RM3317 were fine mapped to identify candidate gene(s) related to QTL using a bioinformatic
pipeline. As a result, Os04g24110, coding for a putative flavonoid/anthocyanin UDPglycosyltransferase enzyme of the UGT90A1 family (~0.12 Mb away from RM3317) was
identified as the best candidate gene because it met all the screening criteria (Table 3.5; Table S3).
Among RMC accessions, we found haplotypes of certain promoter and CDS SNPs were highly
correlated with chilling tolerance ability determined by LTSS and Electrolyte Leakage (EL)
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indices (Figure 3.7). Also, the protein modeling analysis predicted that three, especially the first
two, non-synonymous amino acid substitutions would lead to the considerable functional effect
due to their localization on the UGT enzyme surface that might interact with other molecules
(Figure 3.7; Figure 3.8).
Moreover, because the marker RM16662 associated with the significant QTL qPGC4(bi)
in bi-parental mapping covers the 3’UTR region of Os04g24110 with an InDel variation among
rice genomes, we investigated whether this InDel variation can, at least partially, explain chilling
tolerance phenotypes of RMC accessions. The result showed a moderate positive correlation
between the InDel size and LTSS within 87 representative accessions, indicating a potentially
regulatory role of 3’ UTR in regulating Os04g24110 transcript abundance, which might partially
contribute to the overall chilling resistance. However, our result is, to a certain extent, consistent
with some previous studies that suggested long 3′-UTRs or 3′-UTR-located introns would usually
lead to nonsense-mediated mRNA decay (NMD) in plants (Amrani et al., 2004; Kertesz, 2006).
In contrast, some other studies showed that certain cis-elements in the 3’-UTR protect
transposons from silencing (Kabelitz et al., 2015), and enhance translational stability of the plant
RNA virus hibiscus chlorotic ringspot (Koh et al., 2002). Thus, it will be interesting to dissect the
specific regulatory mechanism of ELT1 by further studying the length polymorphism of the ELT1
3’-UTR under chilling stress.

4.4

Correlation of ELT1 expression with chilling tolerance phenotypes

The expression analysis of ELT1 in representative cold tolerant and sensitive accessions
was consistent with the cold-induced bioinformatic annotation (Figure 3.10; Table S3). It was
also shown that ELT1 expression level positively correlated with chilling tolerance such as LTSS
(Figure 3.10). Specifically, the expression level of ELT1 was 5.8 and 3.3 times more in the
representative chilling tolerant accession than that in sensitive one at control and 4°C stress
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conditions, respectively. Its induction extent by cold treatment of seven hours in chilling tolerant
accessions was 1.3 times, lower than 2.3 times in sensitive ones (Figure 3.10 A). These results
indicate that although ELT1 was expressed more in chilling tolerant than in sensitive accessions at
a base-line level, it was induced faster in sensitive than in tolerant plants when exposed to lowtemperature stress. Consistently, a similar pattern was found in some other chilling tolerant and
sensitive accessions as well (Figure 3.10 B). ELT1 was expressed 2.1 and 1.6 times more in
tolerant than in sensitive groups under control and stress conditions, respectively, and this 1.6
times difference was not statistically significant. After being stressed for seven hours, its
expression level was increased 2.3 times in tolerant group compared to 2.9 times in sensitive one
(Figure 3.10 B).
The main reason for this differential expression might be the A>G SNP at -289 from the
start of the coding region. Almost all JAPONICA accessions tested had an A at this position,
which generates a potential ACTCAT cis element for binding of group-s basic leucine zipper
(bZIP) factors (Satoh et al., 2002), while the majority of INDICA accessions had a G at this
position. It was previously shown that the group-s factor bZIP73 plays a major role in the
superior chilling tolerance of JAPONICA accessions, because a single amino acid substitution
reduced the bZIP73 trans-activation potential in INDICA accessions (Liu et al., 2018). It is thus
possible that the approximately 5-fold lower abundance of ELT1 mRNA in INDICA than
JAPONICA accessions is due to the lack of this bZIP73 interacting cis element. Moreover,
although some INDICA accessions do have the JAPONICA type cis element, the overall
expression of ELT1 might still be lower if bZIP73 binds to it and if those lines also have the
INDICA haplotype of bZIP73 with reduced trans-activation potential. This would be in
agreement with our transient expression results for which the JAPONICA type ELT1 promoter
produced only 1.2-fold higher reporter gene expression than the INDICA type (Figure 2c),
because the assays were done in protoplasts derived from shoots of the INDICA accession 93-11,
which has the INDICA haplotype of bZIP73 (Liu et al., 2018).
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This low-temperature induced promoter activity was also present in transgenic
Arabidopsis plants transformed with a same ELT1::LUC construct. After exposure to 4°C for
three hours, JAP::LUC and IND::LUC both showed a dramatically increased Luciferase activity
than that at control condition (Figure 3.10 C-D). However, in contrast to the results in rice,
luciferase activity fused with ELT1 JAPONICA promoter was elevated significantly more (6.1
times) than that with ELT1 INDICA promoter (2.4 times). Also, they were comparable at control
conditions. This is probably due to, compared to the result obtained in rice protoplast using the
same constructs, natural variation between rice and Arabidopsis regulatory mechanisms targeting
the ELT1 promoter. Although they might share some low temperature-inducible transcription
factors (e.g. CBFs, Figure 1.1 A) that act in similar ways to activate the ELT1 promoter, other
additional and dissimilar ones could add another layer of regulation, such as phytohormone- or
Ca2+-mediated signaling pathways, resulting in a varied fine-tuning control between two species.
Moreover, because ELT1 expression was found to be dramatically upregulated by chilling
stress, it rules out the possibility that distinct haplotype patterns in its promoter region present in
all sub-species in the RMC simply result from geographical segregation instead of temperaturemediated natural selection during the domestication process. It is also shown that ELT1 was
expressed more in the chilling tolerant JAPONICA than the sensitive INDICA reference groups
both with and without chilling stress. This indicates that ELT1 might be a protective enzyme
functioning not only as a transiently induced but also a constitutively expressed molecule,
especially in chilling tolerant cultivars, to confer resistance against abiotic stresses. Further
research is needed to determine whether rice plant cells could be primed by preexisting ELT1
enzyme levels and turned into a poised status toward unanticipated abiotic stress.
However, the transcriptional regulatory mechanisms of ELT1 are still unknown. In this
study, we confirmed that a minimal 500 bp ELT1 promoter region was similarly responsive as the
endogenous ELT1 promoter to low-temperature stress (Figure 3.10 C-E). The promoter analysis
detected a CBF regulated motif (DRE/CRT) close to start codon, indicating regulatory
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mechanism of ELT1 promoter is very likely CBF-dependent. The LTRE (low temperatureresponsive element; CCGAC) is a potential target because many studies have shown its critical
role of a low temperature induction in multiple plant species. For instance, the CCGAC element
was first identified in the promoter of the cold responsive gene Cor15a that was induced by cold,
drought, and ABA (Baker et al., 1994). This was then confirmed as an essential cold-inducible
element in the promoter of the BN115 gene from winter Brassica napus (Jiang et al., 1996).
Notably, a recent study illustrated that CCGAC is a core low-temperature induced element in the
promoter of a rice ureidoglycolate amidohydrolase gene and is triggered specifically by
interaction with CBF3, although it is one nucleotide shorter than the canonical Crepeat/dehydration-responsive (CRT/DRE) element motif (A/GCCGAC) (Li et al., 2015). Thus,
we propose that the ELT1 promoter can probably bind to CBF family transcription factor during
low-temperature acclimation.
Our sequencing and GWAS identified a highly LTSS-correlated SNP-containing motif
(CAACTC, Figure 3.6 A) in the ELT1 promoter region suggested to be related by gibberellin (GA)
signaling in rice under stress (Sutoh et al. 2003). Furthermore, a transcription factor motif (SEF4,
RTTTTTR; Allen et al. 1989) related to ABA signaling (Figure 3.6 A) was also found in the 500
bp range of the ELT1 promoter. Thus, it is likely that the ELT1 promoter is controlled by
phytohormone-mediated signaling pathways, such as ABA or/and GA. Indeed, it is very well
documented that there is a complex crosstalk among major phytohormone-mediated signaling
pathways in response to low-temperature stresses.
For example, the gaseous hormone ethylene is synthesized from the amino acid
methionine. Although the signaling role of ethylene is known (reviewed by Yoo et al., 2009),
whether it acts as a positive or negative regulator is still not clear. Two representative studies
proposed ethylene as a negative regulator under freezing stress. The treatment with ethylene and
with ethylene biosynthesis inhibitor caused reduced and enhanced freezing tolerance, respectively,
in Medicago truncatula (Zhao et al., 2014) and Arabidopsis (Shi et al., 2012). The ethylene
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signaling cascade requires ethylene binding to the ethylene receptor ETHYLENE-RESPONSIVE
1 (ETR1) that inhibits the downstream transcription factor ETHYLENE-INSENSITIVE 3 (EIN3)
(Merchante et al., 2013). EIN3 overexpression resulted in a sensitive phenotype to freezing stress,
as well as inhibition of expression of CBF genes. Nevertheless, expression of CBFs and CBFregulated COR genes were constitutively activated in EIN3 EIN1 double mutants. Moreover, a
ChIP assay showed EIN3 to suppress CBFs and ARABIDOPSIS RESPONSE REGULATORS
(ARRs) by a direct interaction with their promoters (Figure 4.1).
GA, synthesized from the precursor trans-geranylgeranyl diphosphate, is a plant growthpromoting hormone that promotes cell division and elongation (Franklin. 2009). The central
regulator of GA signaling pathway is DELLA (Schwechheimer. 2012). DELLA belongs to a
GRAS protein family consisting of five members in Arabidopsis that mainly act as repressors of
some transcription factors including PHYTOCHROME-INTERACTING FACTOR 3/4 (PIF3/4)
(Feng et al., 2008; De Lucas et al., 2008) and BRASSINOSTEROID-INSENSITIVE 1 (BRI1)EMS-SUPPRESSOR 1/BRASSINAZOLE-RESISTANT 1(BES1/BZR1) (Li et al., 2012).
DELLA could be degraded in the ubiquitination-mediated proteasome by the GA-binding
receptor GA-INSENSITIVE DWARF 1 (GID1) (Schwechheimer. 2012). Cold stress impacts
both GA signaling (Richter et al., 2013) and metabolism (Achard et al., 2008). Overexpression of
CBFs caused a decrease of bioactive GA content, as well as impaired growth and later flowering
phenotype, which was later restored by external application of GA in Arabidopsis, tobacco and
tomato (Hsieh et al., 2002; Shan et al., 2007; Zhou et al., 2014). In line with that, CBF1
overexpression improved DELLA expression transcriptionally and translationally (Achard et al.,
2008) (Figure 4.1).
JA is an oxylipin chemical that can be induced by cold stress and repress growth in
multiple plant species such as Arabidopsis, wheat and rice (Hu et al., 2013; Kosova et al., 2012;
Maruyama et al., 2014; Du et al., 2013). This is achieved mainly by upregulation of JA
biosynthetic genes and suppression of JA inhibitors. The JA signaling pathway is initiated by the
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JA F-Box protein receptor CORONATINE INSENSITIVE 1 (COI1) that specifically
ubiquitinates and degrades the JA repressor JASMONATE ZIM DOMAIN (JAZ). The activation
of CBFs and CBF-regulated genes after cold treatment was present with exogenous treatment of
JA, resulting in enhanced freezing resistance (Hu et al., 2013). Additionally, plants with mutation
in JA biosynthesis and signaling were more sensitive to freezing stress. The underlying
mechanism of JA-mediated freezing tolerance was thought to be a physical association of the JA
inhibitors JAZ1 and JAZ4 that suppresses the CBFs activating proteins ICE1 and ICE2. This was
shown by overexpressing JAZ1 and JAZ4 could repress CBFs and CBF targeted genes and
further freezing resistance before and after vernalization (Figure 4.1).
Cytokinins (CKs) are a major class of phytohormones derived from adenine. The
isopentenyladenine and zeatin are the most abundant CKs in higher plants (Sakakibara, 2006).
However, based on previous studies, the CK signaling pathway in response to low temperature
stress is somewhat complex and contradictory. For example, it has been shown that an increase of
CKs could increase freezing resistance in a CBF1-independent way (Jeon et al.,2010). However,
some studies showed that CK level was decreased during chilling stress in different plants such as
wheat, rice and Arabidopsis (Kosova et al., 2012; Maruyama et al., 2014; Veselova, 2005). This
decrease was linked with repressed expression level of CK biosynthetic genes in rice. In
Arabidopsis, CK signaling pathway was initiated by three Arabidopsis histidine protein kinases
(AHKs) functioning as CK receptors. These kinases can undergo autophosphorylation and
transduce CK signal to transcription factors, called Arabidopsis response regulators (ARRs) in the
nucleus to regulate expression of downstream genes (Jeon et al.,2010). The expression level of
CBF genes was found to be similar in ahk knockout mutants in acclimated and non-acclimated
conditions. A later study, however, reported that microarray assay in ahk mutants detected an
improved expression level of MYB15 and suppression of its target, CBF3, and further CBFregulated genes (Jeon and Kim, 2013). Another study reported that Arabidopsis seedlings
overexpressing ARRs were more freezing tolerant, while expression of CBF and CBF-regulated
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genes was neither increased nor decreased, indicating ARRs work in a CBF-independent manner
(Shi et al., 2012) (Figure 4.1).
Future studies are needed to determine whether the ETL1 promoter is controlled by GAor/and ABA- mediated signaling pathway(s), presumably through cis-elements targeted by AREB
or/and DELLAs in response to low-temperature stress in rice.

Figure 4.1 The summary of major phytohormone-mediated signaling network in plant cold acclimation.
Arrows and lines with bars represent positive and negative regulations respectively. Dash line indicates a
contradictory mechanism. Abbreviations: JA, jasmonic acid; ETH, ethylene; CK, cytokinin; ABA, abscisic
acid; GA, gibberellin; ETR1, Ethylene-responsive 1; EIN3, Ethylene-insensitive 3; ICE1, Inducer of cbf
expression 1; JAZ, Jasmonate zim domain; AHK, Arabidopsis histidine kinase; CBFs, Crepeat/dehydration-responsive element binding factors, MYB15, ARR, Arabidopsis response regulator
(Modified from Verma et al., 2016).

139
4.5

Involvement of ELT1 in protecting cell membrane integrity during abiotic stress

ELT1 function was first predicted to be associated with the LTSS phenotype, because it
was characterized as a qLTSS4-1 associated gene. However, overexpression and knockout of
ELT1 had no significant impact on the LTSS phenotype under the cold stress conditions used
(Figure 3.11), but significantly reduced and raised EL in transgenic rice in different genetic
backgrounds (Figure 3.13). To test membrane stability, we also employed another stain
propidium iodide (PI) that can bind to nucleic acid and emit red fluorescent signal only when the
plasma membrane is substantially damaged. The results were consistent with EL data (Figure
3.15). The unexpected LTSS phenotype in transgenic rice plants is possibly, at least in part, due
to the cold stress conditions we used to assess LTSS scores, since chilling tolerance in rice is a
highly quantitative trait that involves coorperation of multiple genes. For example, it has been
reported either the TRAF6 polyubiquitination or SUMO-1 modification alone is not enough to
activate an important immune transcription factor NF-κB through a complex signaling pathway
under extracellular stress, although they are all involved in this signaling process. (Megas C et al.,
2011; Tony T Huang et al., 2003). Another report demonstrated that the two heat stress
transcription factors (Hsf) HsfA1 and HsfA2 form a highly specific hetero-oligomeric
superactivator complexe to activate heat stress responsive genes in tomato (Chan et al. 2009).
Furthermore, a most recent study showed that the rice transcription factor bZIP73 with only one
SNP between JAPONICA and INDICA groups probably facilitated the JAPONICA subspecies of
rice to adapt to a cold climate. bZIP73 also modulates ABA levels and ROS metabolism in
response to cold stress via synergistically interacting with another transcription factor, bZIP71
(Liu et al. 2018). Thus, it is remarkable that OX or KO of a single enzyme-encoding gene had
such a measurable effect on cold temperature stress induced cellular damage, which is a main
determinant of plant survival under severe stress conditions. Therefore, ELT1 has a significant
auxiliary role and together with other enzyme encoding genes such at qCTS12 (Kim et al., 2011)
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could be used to improve chilling tolerance of rice without affecting major gene regulons, which
is a major concern when transcription factors or signaling molecules are used to improve the
performance of plants under abiotic stress.
Moreover, because there was no significant difference between the JAPONICA and
INDICA allele of ELT1 in protecting transgenic plants against cold stress induced cellular damage,
differences between JAPONICA and INDICA gene expression most likely contributed to the
observed differences in chilling tolerance phenotypes. In agreement with this, there was a
negative correlation between ELT1 expression levels and EL as a measure of membrane damage
in transgenic rice and Arabidopsis plants, that is, higher ELT1 expression generally correlated
with less EL after cold temperature exposure (Figure 3.14). Therefore, our results indicated that
ELT1 mRNA abundance instead of the primary protein sequence determines its biological
function under low-temperature stress.

4.6

Involvement of ELT1 in abiotic stress tolerance pathways

To further confirm the function of ELT1, we ectopically overexpressed ELT1 in a
heterologous system using the evolutionarily divergent species Arabidopsis thaliana (Arabidopsis;
Figure 3.12; Figure 3.13 D; Figure 3.16). Consistently, the positive effect of ELT1 in reducing
abiotic stress induced cellular lesions was validated in transgenic Arabidopsis as well.
Overexpression of ELT1 led to significantly lower EL scores under both freezing and salt stress
(Figure 3.13 D; Figure. 3.16). Thus, ELT1 had a similar auxiliary function during chilling stress
in a monocot and during freezing and salt stress in a dicot species. Moreover, the Arabidopsis salt
germination assay suggested that ELT1 OX lines most likely had lower levels of the
phytohormone abscisic acid (ABA), because ABA levels generally increase under salt stress to
repress germination (e.g. Xu et al., 2011), but ELT1 OX lines germinated faster than WT plants
under salt stress conditions (Figure 3.16 A-E). In addition, interestingly, we also found ELT1
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overexpression in an Arabidopsis ecotype (Ler-0) significantly elevated the survivability than that
in wildtype plant after freezing stress at -4°C, which was not observed in OX transgenic rice.
Conversely, Col-0 mutant lines with two ELT1 homologous genes knocked out exhibited the
opposite results in which their survivability after -2°C treatment was significantly lower than in
wildtype plants. One of the Arabidopsis ELT1 homologous genes is also annotated as an UDPglycosyltransferase (A1G10400) that was suggested to possess quercetin-glucosyltransferase
activity (Hanada et al., 2010). The other one, however, is a ribosomal type protein (AT5G14320)
localized in chloroplasts. Its knouckout led to a minor and a greater chloroplast development
defect under normal and cold stress conditions respectively (Pulido et al., 2018).
While ABA levels most likely were lower in ELT1 OX Arabidopsis lines grown under
salt stress, catalase (CAT) antioxidant enzyme activities were higher than in WT plants (Figure
3.19 B), and CAT levels were also higher in ELT1 OX Arabidopsis lines under freezing stress
conditions and reactive oxygen species (ROS) levels were lower than in WT plants (Figure 3.17
D; Figure 3.19 A). Similarly, ROS levels were also lower and CAT levels higher in ELT1 OX rice
lines grown under low temperature stress conditions (Figure 3.17 A-C; Figure 3.18).
Interestingly, although there were three non-synonymous amino acid substitutions
between JAPONICA and INDICA haplotypes, OX of either haplotype had a similar positive effect
on reducing abiotic stress induced cellular lesions. Thus, naturally occurring “overexpression” of
ELT1 in JAPONICA accessions most likely results in high ELT1 protein levels and plays a
positive role in balancing ABA-mediated abiotic stress responses with the requirement of low
ROS levels and an intact cellular membrane in preparation for growth and development, as
previously shown for the transcription factor bZIP73 (Liu et al., 2018). However, we cannot rule
out that differences in ELT1 coding region haplotypes have a subtle effect on protein function,
which needs to be determined in future studies.
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4.7

Subcellular localization of ELT1 and potential protein function

The subcellular localization assay showed that the ELT1 enzyme was predominantly
localized to the cytoplasm, but also partially colocalized with the plasma membrane. In some
cases, it also accumulated at the tonoplast (vacuolar membrane) and partially near chloroplasts.
This is conceivable since it has been shown that the localization of flavonoid compounds
(including anthocyanins) biosynthesis is at the surface of the endoplasmic reticulum in the plant
cell (Kitamura, 2006; Poustka et al., 2007), and transported to vacuole and plasma membrane
through ATP binding cassette (ABC)-type and multidrug and toxic ions extrusion (MATE)
transporters (Grotewold, 2004; Yazaki, 2005; Zhao et al., 2010). Some evidence for anthocyanin
localization to chloroplasts was also reported previously (Gould et al., 2000; Neill et al., 2003;
Gould, 2004), although the transport pathway is still unknown. These anthocyanins might
function to protect photosynthesis from photoinhibition and photooxidation induced by sunlight
with excessive high-energy quanta. Moreover, flavonoids in chloroplast have been reported to
protect the integrity of the envelope membrane from oxidative damage caused by dehydration
stress through phospholipid remodeling (Moellering et al., 2010; Inoue, 2011). In Arabidopsis,
cold resistance was attributed to the physical and chemical interaction between flavonoids and
cellular membranes, preventing oxidative damage (Erlejman et al., 2004; Korn et al., 2008). Yet,
our data does not completely support this idea since the altered anthocyanin composition in ELT1
OX lines caused no significant alteration of ROS and antioxidant activity (Figure 3.22 C-D,
discussed below). Also, decreased chilling tolerance was present in ELT1 KO with no significant
change in anthocyanin composition (Figure 3.25). These results indicate that ELT1-regulated
change of anthocyanin composition might be independent of, or not directly linked to, ELT1mediated protection that was required for plasma membrane maintenance and chilling tolerance.
In other words, it is highly likely that ELT1 serves as a regulator more specifically affecting the
activity of antioxidant enzymes such as CAT.
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ELT1 is functionally annotated as a flavonoid/anthocyanin UDP-glycosyltransferase
(UFGT) that catalyzes the last step of anthocyanin biosynthesis pathway (Yonekura-Sakakibara et
al., 2008). We hypothesized initially that ELT1 would affect flavonoid/anthocyanin abundance
when overexpressed or knocked out in rice. But interestingly, our results suggested that ELT1
mainly functions in modification of the specific flavonoid/anthocyanin composition rather than
the total pigment content. For example, total flavonoid/anthocyanin content in Kasalath and
Nipponbare plants overexpressing ELT1 were not significantly altered compared to wildtype
plants (Figure 3.22 A-B). Instead, the flavonoid/anthocyanin compound composition was
significantly modified (Figure 3.24). Notably, however, flavonoid/anthocyanin composition was
not significantly changed in ELT1 knockout mutants in the temperate japonica background of
Zhong Hua 11 (Figure 3.25).
In line with this, it was shown previously that there is natural variation in
flavonoid/anthocyanin profiles between rice accessions that differ in chilling tolerance (Dong et
al., 2014). It has also been extensively reported that besides total flavonoid/anthocyanin
content/abundance, the change in specific flavonoid/anthocyanin composition was observed
during multiple abiotic stresses including suboptimal-temperature, osmotic and ionic stresses,
some of which also coupled with a varied antioxidant activity level in a genotype-dependent
manner (Trivellini et al., 2014; Mori et al., 2007; Maria et al., 2015; Kovinich et al., 2014; de
Leonardis et al., 2015). Many studies have shown that abiotic stresses could increase the
anthocyanin biosynthesis (Steyn et al., 2009; Van Oosten et al., 2013; Ahmed et al., 2015;
Lotkowska et al., 2015;). Thus, it is possible that these flavonoid substrates and/or their
metabolites protect cellular membrane integrity during abiotic stress as a prerequisite for growth
and development. This would agree with a recent report that overexpression of
glycosyltransferases involved in the anthocyanin pathway in Arabidopsis had a positive effect on
cold, salt, and drought stress tolerance of transgenic lines (Li et al., 2017).
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Since we observed a remarkable flavonoid/anthocyanin compositional modification in
ELT1 transgenic plants and flavonoid/anthocyanin compounds have been shown to be an
important non-enzymatic antioxidant, we hypothesized that total non-enzymatic antioxidant
activity of total flavonoid/anthocyanin would be consequently altered as well. Unexpectedly,
however, the total flavonoid/anthocyanin-based non-enzymatic antioxidant activity determined by
the DPPH assay showed no significant difference compared to their respective wildtype plants
with both control and low-temperature treatments (Figure 3.22 C-D). In contrast, the NBT
staining result indicated that overexpression and knock of ELT1 could result in remarkably less
and more ●O2- production, respectively (Figure 3.17). These results strongly indicate that the
observed alteration of ROS scavenging activity in ELT1 transgenic plants was potentially caused
by enzymatic antioxidant activity. To further test this hypothesis, we conducted an assay to
specifically measure the CAT scavenging activity toward H2O2, a major ROS compound.
Expectedly, we found CAT activity of removing H2O2 was significantly increased and decreased
in OX and KO lines, respectively, compared to wildtype plants under low-temperature stress,
although baseline-levels were similar under control condition (Figure 3.28; Figure 3.19). These
results suggest ELT1 might not only catalyze glycosylation of certain flavonoid/anthocyanin, but
also directly or indirectly interact with antioxidant enzymes to modify the ●O2- and H2O2
scavenging activity in plant cells under abiotic stresses.
Yet, it is not clear how ELT1, an anthocyanin UFGT, affects activity of CAT, and
possibly other enzymatic antioxidants as well. One possibility could be that ELT1 serves as a
multi-functional enzyme that directly transfers UDP-glycoside not only to flavonoid/anthocyanin
compounds, but also to other molecules involved in ROS metabolism during stress. Another
possibility is that the altered flavonoid/anthocyanin composition caused by ELT1 activity could
somehow directly impact antioxidant enzyme activity or indirectly do so through certain
intermediate molecule(s). However, the former hypothesis seems less likely, because so far there
is no evidence indicating that such structural similarity exists in terms of substrate specificity for
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UFGTs between flavonoid/anthocyanin compound and any chemical or molecule involved in
ROS metabolism.
Moreover, in agreement with the latter hypothesis, some previous studies have reported a
potential negative correlation between flavonoid/anthocyanin content and enzymatic antioxidant
activity during certain abiotic stress responses. For instance, abiotic stresses might enhance
flavonol biosynthesis while inactivating antioxidant enzymes (Hatier and Gould, 2008; Fini et al.,
2012). In contrast, overproduction of flavonols was negatively correlated with the improved
enzymatic antioxidant capacity under UV-light stress (Landry et al., 1995; Xu et al., 2008).
Therefore, higher plants might have a mechanism that adjusts the balance between enzymatic and
non-enzymatic antioxidant activity for a better adaptation toward abiotic stress. Along those lines,
ELT1 might modulate the flavonoid/anthocyanin profile in a way that shifts the balance towards
increased enzymatic antioxidant activity. Nevertheless, this study did not test other common
enzymatic and non-enzymatic antioxidants except CAT and flavonoid/anthocyanin compounds as
ROS scavenging systems. It is hypothesized that ELT1 enzyme might potentially affect some of
these enzymes since they are functionally related (Figure 1.4).
Thus, we propose a model in which ELT1 controls a negatively correlated balance
between enzymatic (e.g. CAT) and non-enzymatic (e.g. flavonoid/anthocyanin) antioxidant
activity by altering composition of flavonoid/anthocyanin compounds. In this study, HPLC
results showed that, compared to wildtype plants, all OX lines accumulated more types of
flavonoid/anthocyanins with none hydroxy groups at R3’ and R5’ position (e.g. peonidin,
apigeninidin, rosinidin and malvin; Table 1.1), which are important for ROS scavenging capacity
(Figure 1.6). This is consistent with the result obtained in flavonoid/anthocyanin-based
antioxidant activity assays. In addition, although not significant, all Kasalath and Nipponbare OX
lines except OX-Jap-1 in the Kasalath background even exhibited a trend of slightly reduced
flavonoid/anthocyanin antioxidant capacity than their respective wildtype plants upon chilling
stress (Figure 3.22), in contrast to the significantly increased CAT activity under the same
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conditions (Figure 3.18). This would indicate that ELT1 probably functions to enhance
antioxidant enzymes such as CAT through inactivating activity of non-enzymatic antioxidants
resulting from flavonoid/anthocyanin compositional changes. In agreement with this, depletion of
ELT1 failed to sufficiently modify flavonoid/anthocyanin composition and led to significantly
decreased CAT activity compared to wildtype plants that possessed baseline levels of ELT1
function under chilling stress (Figure 3.18).
Due to the pivotal role phytohormones play in abiotic stress response, an alternative
hypothesis for ELT1 function is that it glycosylates phytohormones, which generally sequesters
those hormones into storage until a glucosidase removes the sugar (Mok and Mok, 2001). For
instance, it was recently shown that chilling tolerant rice accessions had lower levels of ABA than
chilling sensitive ones to balance the stress response with growth and development (Li et al.,
2018), and ELT1 might help reduce the amount of active ABA molecules by glycosylating them.
However, it is also known that while ABA levels increase, cytokinin levels decrease during
abiotic stress (O’Brian and Benková, 2013). Since a close paralog of ELT1, LOC_Os09g16030, is
annotated to encode a cytokinin-O-glucosyltransferase 1 enzyme, it is equally possibly that ELT1
reduces the amount of active cytokinin molecules by glycosylating them. In agreement with this,
we have preliminary evidence that exogenous application of cytokinins to rice plants exposed to
cold temperature stress generally increases membrane damage while application of ABA has the
opposite effect (Shimoyama, unpublished). Based on this observation, it is more likely that ELT1
does not glycosylate ABA but cytokinins, which would reduce the amount of active cytokinins
and thus increase apical dominance as part of balancing abiotic stress responses with growth and
development. This would also agree with the cytoplasmic localization of ELT1 and its affinity for
internal membranes such as the tonoplast (Figure 3.21), because glycosylated cytokinins can be
sequestered into the vacuole to avoid contact with non-specific ß-glucosidases found in the
cytoplasm (Mok and Mok, 2001).
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5

CONCLUSIONS AND PROPOSED MODEL

In this study, five chilling tolerance indices reflecting the early life history of rice seeds
and young seedlings during springtime planting in temperate climates were developed and
assessed using the USDA RMC collection. Significant differences between RMC accessions were
observed for all five chilling tolerance indices measured, with a general tendency for the
accessions from JAPONICA to have better chilling tolerance abilities than those from INDICA.
However, INDICA accessions had chilling acclimation potential during germination while those
from JAPONCIA did not. This indicated that both the RMC accessions and the five seedling
chilling tolerance indices were suitable for GWAS based mapping of chilling tolerance QTL,
yielding 48 QTL at 39 chromosome regions. There was no overlap between germination and
seedling stage QTL, nor a good correlation between the germination and seedling stage indices,
suggesting the genes controlling those two general indices belong to fundamentally different
genetic pathways. Moreover, this study identified two novel LTSS-QTL, qLTSS3-4 and qLTSS4-1,
which appear to be RMC specific because they were not revealed in previous QTL studies. The
novel qLTSS4-1 QTL has JAPONICA specific alleles with a strong positive genotypic effect.
Besides GWAS-mapping, we also conducted a bi-parental mapping, using a F2:3
population derived from the self-cross population of the F1 progeny of a chilling tolerant
JAPONICA and a chilling sensitive INDICA subspecies references, to further validate and narrow
down those QTL identified in GWAS mapping. Seven QTL were identified: qLTSS1(bi),
qLTSS3(bi), qLTSS8(bi), qPGC2(bi), qPGC4(bi), qPGC5-2(bi) and qPGC8(bi). Three of them
overlapped with GWAS mapped QTL, such as qPGC4(bi) overlapped with qLTSS4-1. Further
screening analysis narrowed down qLTSS8(bi)/qPGC8(bi) to a region containing only eight
candidate genes. Three out of these eight genes (Os08g42020, Os08g42030 and Os08g42080)
were characterized as the best ones by bioinformatic pipeline.
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Bioinformatics and metadata analysis suggested that Os04g24110 (=ELT1) encoding a
putative anthocyanin 3-O-beta-UDP-glycosyltransferas enzyme, is the most probable candidate
gene associated with strong effect QTL qLTSS4-1 and qPGC4(bi). ELT1 was more highly
expressed in JAPONICA than INDICA accessions not only after cold treatment, but also at warm
temperatures. The main reason for this differential expression might be an A>G SNP in the
promoter. Almost all JAPONICA accessions tested had an A at this position, which generates a
potential ACTCAT cis element for binding of group-s basic leucine zipper (bZIP) factors.
Functional assays uncovered a role of ELT1 in protecting the plasma membrane from
cold temperature stress induced cellular damage. Both INDICA and JAPONICA accessions in
which ELT1 was overexpressed experienced less membrane damage after cold temperature stress
than wild type (WT) plants, and a JAPONICA accession in which the gene was knocked out
experienced more membrane damage after cold exposure. This auxiliary positive effect of ELT1
in reducing abiotic stress induced cellular lesions was validated in a heterologous system using
the dicot model species Arabidopsis thaliana under both freezing and salt stress. Although there
were three non-synonymous amino acid substitutions between JAPONICA and INDICA
haplotypes, OX of either haplotype had a similar positive effect on reducing abiotic stress
induced cellular lesions, indicating that compared to the relative abundance of ELT1 enzyme
levels, ELT1 coding region haplotypes, contribute little, if anything, to its overall functionality.
ELT1 was demonstrated to reduce ROS generation and enhance CAT antioxidant activity
in rice and Arabidopsis transgenic lines under both low-temperature and salt stress as well. It was
also shown to affect the flavonoid/anthocyanin profile and to predominantly localize to the
cytoplasm.
Based on all these results, we propose the following mechanism for the auxiliary role of
ELT1 in the chilling stress response or rice: cold temperatures significantly increase ELT1 mRNA
abundance, potentially through bZIP73, or ABA, or DREB/CBF, which presumably generates a
high amount of ELT1 protein. ELT1 then glycosylates either flavonoid substrates to modulate the
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flavonoid/anthocyanin profile, or cytokinins to sequester them into the vacuole for storage, or
both. The consequence of a modulated flavonoid/anthocyanin profile and/or cytokinin
sequestration is an increase in CAT and possibly other antioxidant enzyme activities, which
reduces ROS levels and thus maintains cell membrane integrity as a mechanism of chilling stress
tolerance response in preparation to resume growth and development after stress recovery (Figure
5.1).
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Figure 5.1 Schematic of ELT1 potential mechanism. The ELT1 is induced by low-temperature potentially
through bZIP73 transcription factor. ELT1 potentially and indirectly improve Catalase-mediated ROS
scavenging activity through anthocyanin compositional modification and/or Cytokinins sequestering by
glycosylation. Reduced ROS content lightens membrane damage caused by oxidative stress and confers the
overall tolerance against low-temperature and salt stress in plants. Solid line: proved pathway; Dash line:
hypothetical pathway; ?: unknown mechanism.
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Table S1: Overlap (<1.5 Mb) of the QTL reported in this study with previously reported cold tolerance
QTL.
Chr.

Nearest published

Nearest published marker

(Mb)

QTL

(Mb) or SNP

QTL

References

Low temperature germinability (LTG)
qLTG1

1 (29.5)

ELSC2 Locus13

SNP 28,359,528

Lv et al. (2015)

qLTG6

6 (22.3)

qSCT-6

G2028 (22.6) - XNpb386

Jiang et al. (2008)

qLTG7

7 (28.3)

SNP 27,749,006

Lv et al. (2015)

qCTGERM7-5

SNP (27.947)

Shakiba et al. (2017)

qLTSSvR7-2

RM1335 (28.3)

Pan et al. (2015)

qCTS7-5

SNP 29,220,680

Wang et al. (2016a)

qCTS-7

CG106 - RM172 (29.6)

Zhang et al. (2014b)

qCST10

RM171 = OSR33 (19.1)

Liu et al. (2013)

qLTG10

RM1125 (17.8)

Fujino et al. (2015)

ELSR2 Locus107

SNP 22,297,685

Lv et al. (2015)

qLTG12b

RM7619 (4.8)

Fujino et al. (2015)

qCTS12=Os12g10730

CTS12 (5.7)

Andaya and Tai (2006)

BMR Locus123

SNP 5,859,381

Lv et al. (2015)

qCTS-12

RM27628 (3.9) - RZ397

Zhang et al. (2014b)

BMR/SRC/RLC
Locus79

qLTG10-

10

1

(19.1)

qLTG10-

10

2

(21.1)

qLTG12

12 (5.1)

Plumule growth rate after cold germination (PGCG)
qPGCG1

1 (0.2)

qCTB-1-1

RM1282 (0.55) -RM428 (2.6)

Xu et al. (2008)

qIW-1

RM1282 (0.55) -RM428 (2.6)

Ji et al. (2010)

qCST1-1

RM1282 (0.55) -RM3426

Liu et al. (2013)

181
(4.1)
qPGCG9
9 (6.3)

qCTS9-7

SNP 6,403,821

Wang et al. (2016a)

9 (14.4)

qCTS-9

RM6854 - RM566 (14.7)

Zhang et al. (2014b)

-1
qPGCG9
-2
RM6854 (14.4) - RM24321
qCTS-9=Os09g24440

Zhao et al. (2017)
(14.9)

qLTG-9

RM105(12.6) - RM434 (15.7)

Li et al. (2013)

ELSR2 Locus97

SNP 15,106,120

Lv et al. (2015)

SRC Locus100

SNP 22,799,494

Lv et al. (2015)

ELR Locus110

SNP 12,281,074

Lv et al. (2015)

qPGCG9
9 (22.2)
-3
qPGCG1

11

1

(11.9)

Low temperature seedling survivability (LTSS)
qLTSS2

2 (19.4)

qLTG2

RM6165 (19.4)

Fujino et al. (2015)

RM341 (19.5) - RM6318
qCST2

Liu et al. (2013)
(24.4)

qLTSS3-1

qLTSS3-2

3 (7.1)

3 (15.8)

qLVG2/qCIVG2

RM29? - RM262 (20.1)

Han et al. 2006

ELSC1 Locus30

SNP 7,256,695

Lv et al. (2015)

qCTS3-10

SNP 8,192,574

Wang et al. (2016a)

qLTG3b

RM6676 (14.5)

Fujino et al. (2015)

ELSR2 Locus36

SNP 15,239,318

Lv et al. (2015)

RM3601 (25.9)

Fujino et al. (2015)

qLTSS3-3

3 (24.9)

qLTG3c

qLTSS3-4

3 (35.3)

no QTL identified

qLTSS4-1

4 (13.6)

no QTL identified

qLTSS4-2

4 (30.1)

ELSR2 Locus47

SNP 28,975,466

Lv et al. (2015)

ctb-2

R2737 (29.7) - XNpb102

Saito et al. 2001

182
COLD1=Os04g51180

RM3217 (30.1)

qCTS4-2

RM255 (31.3) - RM348 (32.8)

Ma et al. (2015)
Andaya and Mackill
(2003)

qLTSS4-3

qLTSS6

4 (34.7)

6 (28.6)

ELSR2 Locus48

SNP 31,337,237

Lv et al. (2015)

ELSR2 Locus50

SNP 34,207,403

Lv et al. (2015)

qLTG4

RM5879 (35.1)

Fujino et al. (2015)

qLTSSvR4-1

RM1272 (35.3)

Pan et al. (2015)

qLTSSvR6-1

TC148 (28.2)

Pan et al. (2015)

qCST6

RM162 (24.0) - RM340 (28.6)

Liu et al. (2013)

qSV-6

RM30 (27.3) - RM340 (28.6)

Zhang et al. (2005a)

qLVG6

RM30 (27.3) - RM340 (28.6)

Han et al. (2006)

RM51 (0.24) - RM298 (2.8)

Han et al. (2006)

qLTSS7-1

7 (2.7)

qLVG7-1/qCIVG7-1

qLTSS7-2

7 (9.0)

qPSST-7

RM3767 (9.0) - RM1377
Suh et al. (2010)
(12.7)
qLTSS8-1

8 (5.7)

qCTS8(2)

RM1235 (1.2) - RM72 (6.8)

Ranawake et al. (2014)

qCTS-8

RM310 (5.1) - CG11

Zhang et al. (2014b)

ELSR2 Locus81

SNP 6,306,076

Lv et al. (2015)

qLTSSvR8-1

RM152 (6.8)

Pan et al. (2015)

qLTSS8-2

8 (15.4)

BMR/RLR Locus84

SNP 16,646,755

Lv et al. (2015)

qLTSS8-3

8 (21.0)

qLVG8

RM42 (20.1) - RN223 (20.7)

Han et al. (2006)

qCTS8-4

SNP 20,385,371

Wang et al. (2016a)

qLOP8

RM223 (20.7) - RM44 (21.0)

Xiao et al. (2015)

qCTS8-2

RM223 (20.7) - RM284 (21.1)

Andaya and Mackill
(2003)
RM7049 (20.8) - RM284
qCTG8

Ranawake et al. (2014)
(21.1)

qLTSS9-1

9 (9.4)

ELSC2 Locus95

SNP 8,388,412

Lv et al. (2015)

qLTSS9-2

9 (14.4)

qCTS-9

RM6854 (14.4) - RM566

Zhang et al. (2014b)

183
(14.7)
RM6854 (14.4) - RM24321
qCTS-9=Os09g24440

Zhao et al. (2017)
(14.9)

qLTSS9-3

9 (21.9)

qLTG-9

RM105 (12.6) - RM434 (15.7)

Li et al. (2013)

ELSR2 Locus97

SNP 15,106,120

Lv et al. (2015)

ELSR1 Locus99

SNP 20,997,640

Lv et al. (2015)

SRC Locus100

SNP 22,701,241

Lv et al. (2015)

qCTB-10-2

RM2125 (4.9)-RM2887 (9.0)

Xu et al. (2008)

qCTS10-1;

SNP 5,673,664

Wang et al. (2016a)

qCTGERM10-1

Os10g20390 (10.257)

Shakiba et al. (2017)

ELSR2 Locus103

SNP 11,408,246

Lv et al. (2015)

qCTS11(1)-1

RM167 (4.1) - RM202 (9.0)

Ranawake et al. (2014)

qCTGERM11-2

SNP (5.590)

Shakiba et al. (2017)

qCTS11-1

SNP 5,906,684

Wang et al. (2016a)

ELR Locus110

SNP 12,281,074

Lv et al. (2015)

qSCT-11

RM202 (9.0) - RM209 (20.1)

Zhang et al. (2005b)

qCTS11(2)-2

RM21 (19.6) - RM206 (22.5)

Ranawake et al. (2014)

qCTS11-6

SNP 20,364,043

Wang et al. (2016a)

ELR1 Locus131

SNP 23,173,057

Lv et al. (2015)

ELSR2 Locus132

SNP 24,286,398

Lv et al. (2015)

qCTGERM12-2

SNPs (24.904)

Shakiba et al. (2017)

qLTSS1010 (5.4)
1

qLTSS10-

10

2

(11.6)

qLTSS1111 (5.7)
1

qLTSS11-

11

2

(11.9)

qLTSS11-

11

3

(19.2)

qLTSS12-

12

1

(23.2)

qLTSS1212 (25)
2

184
qSWTCT12

gw12.1 (26.1)

Shakiba et al. (2017)

qCTGERM12-2

SNPs (26.366; 26.430)

Shakiba et al. (2017)

Plumule recovery growth after cold exposure (PGC)
qPGC3-1

qPGC3-2

qPGC6-1

3 (15.8)

3 (17.2)

6 (1.8)

qLTG3b

RM6676 (14.5)

Fujino et al. (2015)

ELSR2 Locus36

SNP 15,239,318

Lv et al. (2015)

ELSR2 Locus37

SNP 16,482,965

Lv et al. (2015)

ELR3 Locus38

SNP 16,931,812

Lv et al. (2015)

COLD4

RM190 (1.8)

Ma et al. (2015)

qCTS6(1)

wx - RM190 (1.8)

Ranawake et al. (2014)

qPGC6-2

6 (6.8)

qCTS6-2

SNP 6,228,690

Wang et al. (2016a)

qPGC6-3

6 (28.6)

qLTSSvR6-1

TC148 (28.2)

Pan et al. (2015)

qCST6

RM340 (28.6)

Liu et al. (2013)

qSV-6

RM340 (28.6)

Zhang et al. (2005a)

qLVG6

RM30 (27.3) - RM340 (28.6)

Han et al. (2006)

qCTS3-3

SNP 1,243,161

Wang et al. (2016a)

qCTS3-4

SNP 2,110,407

Wang et al. (2016a)

qCTS3-5

SNP 2,680,925

Wang et al. (2016a)

qCTS3-6

SNP 3,032,938

Wang et al. (2016a)

qCTS3-7

SNP 3,211,019

Wang et al. (2016a)

qCTS3-8

SNP 3,668,304

Wang et al. (2016a)

qCTS3-9

SNP 3,763,778

Wang et al. (2016a)

qLTSSvR3-2

TC130 (3.8)

Pan et al. (2015)

Low temperature survival (LTS)
qLTS3-1

3 (2.5)

qLTS3-2

3 (24.9)

qLTG3c

RM3601 (25.9)

Fujino et al. (2015)

qLTS4

4 (34.7)

ELSR2 Locus50

SNP 34,207,403

Lv et al. (2015)

qLTG4

RM5879 (35.1)

Fujino et al. (2015)

qLTSSvR4-1

RM1272 (35.3)

Pan et al. (2015)

185
qLTS5

5 (7.5)

qLVG5

RM289 (7.8) - RM146 (18.1)

Han et al. (2006)

qCTS5-3

SNP 8,040,996

Wang et al. (2016a)

qLTS7

7 (2.7)

qLVG7-1/qCIVG7-1

RM51 (0.24) - RM298 (2.8)

Han et al. 2006

qLTS8

8 (15.4)

BMR/RLR Locus84

SNP 16,646,755

Lv et al. (2015)

qLTS9

9 (22.8)

SRC Locus100

SNP 22,701,241

Lv et al. (2015)

ELSR2 Locus132

SNP 24,286,398

Lv et al. (2015)

qCTGERM12-2

SNPs (24.904)

Shakiba et al. (2017)

qSWTCT12

gw12.1 (26.1)

Shakiba et al. (2017)

qCTGERM12-2

SNPs (26.366; 26.430)

Shakiba et al. (2017)

12
qLTS12
(25.0)

QTL abbreviation: L (Electrolyte Leakage); qCTS (cold tolerance at seedling stage); qCTGERM (cold
tolerance at germination stage) (Adopted from Schläppi et al., 2017).

Table S2. List of stress response candidate genes within 1 Mb of cold tolerance QTL
Trait
QTL
LTG
QTL
qLTG1

qLTG6
qLTG7
qLTG10
-1

qLTG10
-2

qLTG12

Gene

Gene Symbol

Ch
r.

Locus ID

Functional Annotation

microRNA319a

Osa-MIR319a

1

Osa-MIR319a

Transporter, major
facilitator family
Myo-inositol oxygenase

OsNRT2.3a

1

Os01g0704100

Leaf width. Cold
tolerance.
Nitrate translocation.

OsMIOX

6

Os06g0561000

Drought tolerance.

Similar to Na+/H+
antiporter NHX6
Phospholipase D

OsNHX1

7

Os07g0666900

Salinity tolerance.

OsPLDbeta1

10

Os10g0524400

Mitogen-Activated
Protein Kinase
Phosphatase 6
Receptor-like cytoplasmic
kinase gene
Similar to transcription
factor
Al resistance transcription
factor 1

OsMPK6

10

Os10g0533600

NRRB

10

Os10g0548700

MYBS3

10

Os10g0561400

Resistance to
Pyricularia grisea and
Xanthonomas oryzae pv
oryzae.
Resistance to
Xanthomonas oryzae
pv. oryzae.
Promote invasion of
bacteria (Xoc)
Cold tolerance

art1

12

Os12g0170400

Aluminium tolerance.
Root elongation in
acidic soil.

186
PGCG
QTL
qPGCG
1
qPGCG
9-1

Zinc finger, RING-type
domain containing protein
Submergence 1A

OsCOIN

1

Os01g0104100

Sub1A

9

AAZ06207

BZIP transcription factor
family protein
Stunted Arbuscule 1

OsbZIP71

9

Os09g0306400

STR1

9

Os09g0401100

Jasmonate ZIM-domain
protein 8

OsJAZ8

9

Os09g0401300

Transcription Initiation
TFIID subunit
Rice carbon catabolite
repressor 4(CCR4)associated factor 1G
OsWRKY76

qCTS-9

9

Os09g0410300

OsCAF1G

9

Os09g0416800

Drought, heat, salinity
tolerance

OsWRKY76

9

Os09g0417600

Cold tolerance.

S-like ribonuclease 4

OsRNS4

9

Os09g0537700

Plasma membrane
intrinsic protein 2;7
(Aquaporin)
Oryza sativa lysine
decarboxylase-like 1
Rice authentic Hiscontaining
phosphotransfer 2
-

OsPIP2;7

9

Os09g0541000

Salinity tolerance.
Seedling growth.
Cold tolerance.

OsLDC-like 1

9

Os09g0547500

OsAHP2

9

Os09g0567400

Resistance to reactive
oxygen species.
hypersensitive to salt
stress with inhibition
shoot growth

Glutaredoxin 8

OsGRX8

2

Os02g0512400

Salinity tolerance.

Similar to transcription
factor (homeodomain)
ABA, osmotic stress, and
ripening 3
Glutamine synthetase

Osgtgamma-1

2

Os02g0542400

Salinity tolerance.

ASR3

2

Os02g0543000

GS1;2

3

Os03g0223400

Inositol 1,3,4triphosphate 5/6-kinase

dsm3

3

Os03g0230500

qLTSS32

bHLH domain containing
protein

OsIRO3

3

Os03g0379300

qLTSS3-

Ornithine

OsOAT

3

Os03g0643300

Cold and drought
tolerance.
Leaf nitrogen content.
Cold, drought and
salinity tolerance. Basta
selection resistance.
Drought and salinity
tolerance. Fertility.
Root growth.
Fe homeostasis.
Response to Fe
deficiency.
Drought and osmotic

qPGCG
9-2

qPGCG
9-3

qPGCG
11
LTSS
QTL
qLTSS2

qLTSS31

Cold, drought and
salinity tolerance.
Submergence tolerance.
Drought and salinity
tolerance.
Mycorrhizal arbuscule
formation.
Regulation of JAinduced accumulation
of linalool and role in
resistance to Xoo
Cold tolerance.

187
3

aminotransferase
v1

3

Os03g0656900

qLTSS34

Antitermination NusB
domain-containing
protein (RNA binding)
STRESS-RESPONSIVE
NAC 1

SNAC1

3

Os03g0815100

Zinc finger protein182

ZFP182

3

Os03g0820300

UDP-glucuronosyl/UDPglucosyltransferase
family protein
Dehydration-Responsive
Element Binding
transcription factor1E
ACC synthase2

OsUGT90A1

4

Os04g0305700

OsDREB1E

4

Os04g0572400

OsACS2

4

Os04g0578000

Calcium-dependent
protein kinase 7
APETALA 2 domain 39

OsCDPK7

4

Os04g0584600

OsAP2-39

4

Os04g0610400

Glutamine synthetase

GS2

4

Os04g0659100

AUXIN RESPONSE
FACTOR 12
Potassium efflux
antiporter protein

OsARF12

4

Os04g0671900

AM1

4

Os04g0682800

Rice carbon catabolite
repressor 4(CCR4)associated factor
bZIP transcription factor
domain containing protein
No apical meristem
protein
OsSWAP70B

OsCAF1B

4

Os04g0684900

OsbZIP52/RIS
BZ5
OMTN4

6

Os06g0662200

6

Os06g0675600

OsSWAP70B

7

Os07g0138100

CBL (Calcineurin BLike) Interacting Protein
Kinase 23
ETHYLENE
INSENSITIVE2

OsCIPK23

7

Os07g0150700

OsEIN2

7

Os07g0155600

Metal transporter Nramp6

Nramp5

7

Os07g0257200

Metal transporter Nramp6

OsNRAMP1

7

Os07g0258400

qLTSS4
-1
qLTSS42

qLTSS43

qLTSS6

qLTSS71

qLTSS72

stress tolerance.
Chloroplast
development under cold
condition.
Drought and salinity
tolerance. Stomatal
control.
Cold, drought and
salinity tolerance.
Chilling-temperature
Leaf Survivability
(CLS; this study)
Drought tolerance.

Responsive to drought
stress
Drought and salinity
tolerance.
Drought tolerance.
Regulation of ethylene
biosynthesis.
Salinity tolerance.
Photorespiration
capacity.
Phosphate homeostasis.
Stomatal closure
conferring the drought
tolerance.
Cold tolerance.

Cold and drought
tolerance.
drought sensitivity
Chitin elicitor-induced
defense response. ROS
production.
Fertility. Salinity
tolerance.
ABA inducible
resistance to brown spot
pathogen Cochliobolus
miyabeanus.
Manganese and
cadmium uptake.
Growth retardation.
Cadmium uptake and

188
translocation.
qLTSS81

qLTSS82
qLTSS83

qLTSS91

qLTSS92

qLTSS93

qLTSS1
0-1

Similar to
Lactoylglutathione lyase

OsGLY1-11.2

8

Os08g0191700

Maintenance of
glutathione (GSH)
levels, Na+/K+ ration,
and methylglyoxal
under stress conditions,
Ni2+-dependent GLY
â… activity
drought sensitivity

Oryza miR164-targeted
NAC gene 6
Amino acid permease
family protein
14-3-3 protein

OMTN6

8

Os08g0200600

OsCCC1

8

Os08g0323700

GF14c

8

Os08g0430500

Drought-responsive ERF
1

OsDERF1

8

Os08g0454000

BZIP transcription factor
family protein
Pi5-1

OsbZIP71

9

Os09g0306400

Pi5-1

9

Os09g0327600

Stunted Arbuscule 1

STR1

9

Os09g0401100

Jasmonate ZIM-domain
protein 8

OsJAZ8

9

Os09g0401300

Transcription Initiation
TFIID subunit
Rice carbon catabolite
repressor 4(CCR4)associated factor 1G
OsWRKY76

qCTS-9

9

Os09g0410300

OsCAF1G

9

Os09g0416800

Drought, heat, salinity
tolerance

OsWRKY76

9

Os09g0417600

Cold tolerance.

Dehydration-responsive
element-binding protein
1B
S-like ribonuclease 4

OsDREB1B

9

Os09g0522000

Cold, drought and
salinity tolerance.

OsRNS4

9

Os09g0537700

Plasma membrane
intrinsic protein 2;7
(Aquaporin)
Oryza sativa lysine
decarboxylase-like 1
Rice authentic Hiscontaining
phosphotransfer 2
FAD binding domain of
DNA photolyase domain
containing protein
NAC domain-containing
protein 111

OsPIP2;7

9

Os09g0541000

Salinity tolerance.
Seedling growth.
Cold tolerance.

OsLDC-like 1

9

Os09g0547500

OsAHP2

9

Os09g0567400

qUVR-10

10

Os10g0167600

OsNAC111

10

Os10g0177000

Salinity tolerance. K
and Cl transport.
Drought tolerance.
Drought tolerance.
Regulation of ethylene
biosynthesis.
Drought and salinity
tolerance.
Resistance to
Magnaporthe oryzae.
Mycorrhizal arbuscule
formation.
Regulation of JAinduced accumulation
of linalool and role in
resistance to Xoo
Cold tolerance.

Resistance to reactive
oxygen species.
hypersensitive to salt
stress with inhibition
shoot growth
UV tolerance.

Enhanced blast
resistance
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qLTSS1
0-2
qLTSS1
1-1

No apical meristem
protein (NAC domain)

OsNAC5

11

Os11g0184900

Alcohol dehydrogenase

rad

11

Os11g0210300

Sulfotransferase

OsSOT1(STV
11)

11

Os11g0505200

Probable indole-3-acetic
acid-amido synthetase

Tld1-D

11

Os11g0528700

qLTSS1
2-1

Heat shock cognate 70
kDa protein 2

OsHsp23.7

12

Os12g0569700

qLTSS1
2-2

ZOS12-09 - C2H2 zinc
finger protein
SNORKEL2

ZFP252

12

Os12g0583700

SK2

12

AB510479

SNORKEL1

SK1

12

AB510478

No apical meristem
protein (NAC domain)

OMTN3

12

Os12g0610600

bHLH domain containing
protein

OsIRO3

3

Os03g0379300

Cell wall architecture
1/brittle culm 1
Cell wall architecture
1/brittle culm 1
Allene oxide cyclase

Bwa1/Bc1

3

Os03g0416200

Bwa1/Bc1

3

Os03g0416200

OsAOC

3

Os03g0438100

Dehydration-responsive
element-binding protein
1C
Stress-induced protein
kinase gene 1

OsDREB1C

6

Os06g0127100

Sik1

6

Os06g0130100

qLTSS1
1-2
qLTSS1
1-3

PGC
QTL
qPGC31

qPGC32

qPGC61

Cold tolerance.
Sensitivity to salt,
mannitol and ABA
during germination.
Coleoptile elongation
under submerged
condition.

Resistant to Rice Stripe
Virus (RSV) by
triggering SA and SSA,
increased SA
accumulation inhibits
RSV replication.
Tillering dwarf. Leaf
angel. Drought
tolerance. Auxin
catabolism.
Drought and salinity
tolerance. Sensitivity to
mannitol and salt during
germination stage.
Drought and salinity
tolerance.
Internode elongation in
response to deep water.
Internode elongation in
response to deep water.
drought sensitivity

Fe homeostasis.
Response to Fe
deficiency.
Brittle culm. Secondary
cell wall synthesis.
Brittle culm. Secondary
cell wall synthesis.
Jasmonate mediated
resistance to
Magnaporthe oryzae.
Cold, drought and
salinity tolerance.
Drought and salinity
tolerance.
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Mitogen-activated protein
kinase kinase
Similar to ABA response
element-binding factor

OsMKK1
(MAPKK)
Osabf2

6

Os06g0147800

6

Os06g0211200

Low silicon rice 6
(Aquaporin)
bZIP transcription factor
domain containing protein
No apical meristem
protein

Lsi6

6

Os06g0228200

OsbZIP52/RIS
BZ5
OMTN4

6

Os06g0662200

6

Os06g0675600

Drought sensitive
mutant2
Calcium-dependent
protein kinase 1
Phosphate transporter2

Dsm2

3

Os03g0125100

OsCDPK1

3

Os03g0128700

OsPT2

3

Os03g0150800

Ornithine
aminotransferase
Antitermination NusB
domain-containing
protein (RNA binding)
Glutamine synthetase

OsOAT

3

Os03g0643300

v1

3

Os03g0656900

GS2

4

Os04g0659100

AUXIN RESPONSE
FACTOR 12
Potassium efflux
antiporter protein

OsARF12

4

Os04g0671900

AM1

4

Os04g0682800

OsCAF1B

4

Os04g0684900

qLTS5

Rice carbon catabolite
repressor 4(CCR4)associated factor
CAPIP1

5

Os05g0213500

qLTS7

OsSWAP70B

OsPYL/RCAR
5
OsSWAP70B

7

Os07g0138100

CBL (Calcineurin BLike) Interacting Protein
Kinase 23
ETHYLENE
INSENSITIVE2

OsCIPK23

7

Os07g0150700

OsEIN2

7

Os07g0155600

Amino acid permease

OsCCC1

8

Os08g0323700

qPGC62

qPGC63

LTS
QTL
qLTS3-1

qLTS3-2

qLTS4

qLTS8

Salinity tolerance by
regulating OsMPK4
Drought and salinity
tolerance. ABA
sensitivity during
germination and
seedling stage
Si translocation to from
root to shoot.
Cold and drought
tolerance.
drought sensitivity

Drought and oxidative
stress tolerance.
Cold tolerance.
Phosphate uptake and
translocation.
Drought and osmotic
stress tolerance.
Chloroplast
development under cold
condition.
Salinity tolerance.
Photorespiration
capacity.
Phosphate homeostasis.
Stomatal closure
conferring the drought
tolerance.
Cold tolerance.

inhibit drought and salt
stress tolerance
Chitin elicitor-induced
defense response. ROS
production.
Fertility. Salinity
tolerance.
ABA inducible
resistance to brown spot
pathogen Cochliobolus
miyabeanus.
Salinity tolerance. K
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family protein
qLTS9

qLTS12

and Cl transport.

Plasma membrane
intrinsic protein 2;7
(Aquaporin)
Oryza sativa lysine
decarboxylase-like 1
Rice authentic Hiscontaining
phosphotransfer 2
ZOS12-09 - C2H2 zinc
finger protein
SNORKEL2

OsPIP2;7

9

Os09g0541000

Cold tolerance.

OsLDC-like 1

9

Os09g0547500

OsAHP2

9

Os09g0567400

ZFP252

12

Os12g0583700

SK2

12

AB510479

SNORKEL1

SK1

12

AB510478

No apical meristem
protein (NAC domain)

OMTN3

12

Os12g0610600

Resistance to reactive
oxygen species.
hypersensitive to salt
stress with inhibition
shoot growth
Drought and salinity
tolerance.
Internode elongation in
response to deep water.
Internode elongation in
response to deep water.
drought sensitivity

Table S3. The qLTSS4-1 associated genes screened by bioinformatics pipeline on Chr. 4 in
GWAS mapping
Leaf
Expre
ssion

Nippob
are/9311 ratio

Cold
induced

CDS
SNP

Distance to
RM3317
[bp]

Os04g21660

yes

>2.5

yes

yes

-1389570

Os04g22240

N/A

N/A

no

yes

-1044231

26S protease regulatory subunit
6A homolog, putative, expressed
zinc finger, C3HC4 type domain

Os04g22360

no

N/A

no

N/A

-996230

DUF647

Os04g22380

no

N/A

no

N/A

-980090

Os04g22390

no

N/A

no

yes

-972250

Os04g22470

no

N/A

no

N/A

-924000

Short-chain dehydrogenase
Short-chain dehydrogenase
Tic32
Protein kinase

Os04g22660

yes

N/A

no

no

-803655

Os04g22860

yes

<2.5

yes

yes

-688551

Os04g22870

yes

N/A

no

yes

-686285

Os04g22900

yes

N/A

no

yes

-652190

Os04g23440

N/A

no

N/A

-242322

Os04g23550

no

no

N/A

-175630

bHLH domain containing protein

Os04g23580

yes

yes

no

-148839

Os04g23600

N/A

N/A
0.15551
1811
0.86746
988
N/A

Tropinone reductase
Protein phosphatase inhibitor
family
Ribnuclease P-related
Jasmonate-induced protein,
jacalin-related lecting domain
bHLH domain containing protein

no

N/A

-130349

Glycosyl transferase, family 14
protein.
D-mannose binding lectin family

Os04g23620

N/A

N/A

no

N/A

-120689

D-mannose binding lectin family

Os04g23660

N/A

N/A

no

N/A

-105731

LigA, putative

Os04g23610

yes

0

no

yes

-122273

Conserved hypothetical protein

Gene ID

Functional Annotation
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Os04g23700

no

0.58227
8481

no

N/A

-89375

Os04g23720

yes

0.75

no

N/A

-75090

Os04g23760

no

0.33333
3333

no

yes

-55603

Os04g23820

yes

1.09267
4316

no

N/A

-34093

Os04g23830

no

N/A

no

N/A

-31032

Os04g23849

yes

2.0625

no

no

-23327

RM3317

Lectin protein kinase family
protein; similar to Resistance
protein candidate (Fragment)
Curculin-like (mannose-binding)
lectin domain containing protein.
lectin protein kinase family
protein
Curculin-like (mannose-binding)
lectin domain containing protein.
Endothelial monocyte-activating
polypeptide II precursor proEMAP II family protein
(methionyl-t-RNA synthetase)
Polynucleotidyl transferase,
Ribonuclease H fold domain
containing protein
DUF2360; Predicted coiled-coil
domain-containing protein

0

Os04g23890

yes

Os04g23910

no

Os04g23940

no

Os04g24020

no

Os04g24110

yes

Os04g24130

no

Os04g24140

yes

Os04g24160

no

Os04g24170

yes

Os04g24180

yes

Os04g24190

N/A

Os04g24220

yes

Os04g24290

0.88354
9528

Similar to Nonphototropic
hypocotyl protein 1 (EC
2.7.1.37) (Phototropin).

no

yes

-465

no

N/A

30660

MADS-box protein AGL16-II

no

N/A

47932

chalcone synthase, putative

no

N/A

83153

yes

yes

129271

Expressed protein
UDP-glucuronosyl/UDPglucosyltransferase family
protein

no

N/A

152092

Thaumatin, expressed protein

no

no

160226

Ribose 5-phosphate isomerase
family protein

no

N/A

173734

expressed protein

no

yes

179539

RNA-binding region RNP-1

no

yes

192647

no

N/A

201740

0.99111
1111

no

no

221172

no

0.60869
5652

no

N/A

270908

Os04g24294

no

2.49350
6494

no

yes

276504

Os04g24300

yes

3.52

no

yes

277850

Os04g24310

no

N/A

no

N/A

292157

0.95121
9512
0.06976
7442
N/A
4.29840
1421
0.31578
9474
1.17978
2082
1.22727
2727
0.82626
1009
0.89610
8664
N/A

Cysteine string protein
CCCS1(heat shock)
growth regulating factor
EGF-like calcium-binding
domain containing protein.
Os04g24220=OsWAK32
wall-associated receptor kinase 3
precursor, putative,
expressedase-like domain
containing protein
Non-protein coding transcript,
putative npRNA.
Os04g24294=OsWAK35d
Similar to Wall-associated
kinase (OsWAK35a)
Conserved hypothetical protein
(retrotransposon; jasmonate
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induced)
jasmonate-induced protein,
putative, expressed
Conserved hypothetical protein
(jasmonate induced)
Conserved hypothetical protein
(phytase)
Similar to NAD(P)H-quinone
oxidoreductase chain 3,
chloroplast.
Os04g24410=kinesin heavy
chain isolog, putative, expressed

Os04g24319

no

N/A

no

N/A

294514

Os04g24328

no

0

no

N/A

295893

Os04g24340

no

0.5

no

N/A

307026

Os04g24410

yes

3.02184
466

no

yes

347099

Os04g24414

yes

no

yes

358022

Conserved hypothetical protein

Os04g24430

yes

no

yes

366195

Sucrose synthase

Os04g25570

yes

yes

yes

1179132

Protein phosphatase 2c, putative,
expressed

2.42379
1822
0.68354
4304
<2.5
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Table S4. Haplotype analysis of Os04g24110 using RiceVarMap database.
Haplotype
I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV

CACTGGCCCGATGG
TCCTGCCGCGGAGG
CGGCGCAAT
CGCTGGCCCGATGG
TTCGGCCGCGGCTG
GGGCACGAT
CGCTGGCCCGATGG
TCCGGCCGCGGCTG
GGGCACNAN
CACTGGCCCGATGG
TCCTGCCGCGGAGG
CAGCGCAAN
CACTGGCCTGATGGT
CCTGCCGCGGAGGC
GGCGCAAT
TGCTGGCCCTATGGT
CCGGCCGCAGCGGG
GGCGGAAT
CGCTGGCCNGATGA
GCCGGCTGCGGCGG
GGGCGCAAT
CGCTGGCCCGATGG
TCCGGCCGCGACTG
GGGTACGAN
CGTTGGCCCGATGGT
CCGGCCGCGGCTGG
GGCACGAT
CGCCACCNNGAGGA
GCCGGCCACGGCGA
GGGCGCAGT
CGCTGGCCCGGTGG
TCCGGCCGCGGCTG
GGGCACGAN
CGCTGGCCCGATGG
TCCGGCCGCGGCTG
GGACACGAN
CGCTGGACCTATGGT
CCGGCCGCAGCGGG
GGCGGAAT
CGCTGGCTCGATGGT
CCGGCCGCGGCTGG
GGCNCNAN

Total
Frequencies

Intermediate %

INDICA %

JAPONICA %

1232

2.59%

13.64%

83.77%

678

2.22%

96.90%

0.88%

755

1.46%

98.41%

0.13%

585

1.02%

84.96%

14.02%

204

2.45%

3.92%

93.63%

92

1.09%

98.91%

0.00%

74

1.35%

97.30%

1.35%

61

0%

100.00%

0.00%

307

2.61%

97.39%

0.00%

289

20.07%

35.99%

43.94%

40

2.50%

97.50%

0.00%

19

5.26%

94.74%

0.00%

48

47.92%

50.00%

2.08%

18

0%

100.00%

0.00%

195

Table S5. Constructs and transformed plant species used in this study.
Species

Ecotype

Transformed Construct

Vectors

Arabidopsis thaliana

Col-0

OX-Jap-ELT1

pPZP211

Arabidopsis thaliana

Col-0

OX-Ind-ELT1

pPZP211

Arabidopsis thaliana

Ler-0

OX-Jap-ELT1

pPZP211

Arabidopsis thaliana

Ler-0

OX-Ind-ELT1

pPZP211

Arabidopsis thaliana

Col-0

SALK_087496 (M. A)!

pROK2

Arabidopsis thaliana

Col-0

SALK_075241 (M. B)!

pROK2

Arabidopsis thaliana

Col-0

ELT1-Jap-LUC

pPZP211

Arabidopsis thaliana

Col-0

ELT1-Ind-LUC

pPZP211

Oryza sativa

Zhonghua11

KO-Jap-ELT1

pRGEB31

Oryza sativa

Nipponbare

OX-Jap-ELT1

pPZP211

Oryza sativa

Nipponbare

OX-Ind-ELT1

pPZP211

Oryza sativa

Kasalath

OX-Jap-ELT1

pPZP211

Oryza sativa

Kasalath

OX-Ind-ELT1

pPZP211

Oryza sativa

Kasalath (Protoplast)

ELT1-Jap-eGFP

pPZP211/pA7

Oryza sativa

Kasalath (Protoplast)

ELT1-Ind-eGFP

pPZP211/pA7
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Nicotiana benthamian

KTRDC

ELT1-Jap-eGFP

pPZP211/pA7

Nicotiana benthamian

KTRDC

ELT1-Ind-eGFP

pPZP211/pA7

E. coli

BL21

Prot-Jap-ELT1

pGEX6p-1

E. coli

BL21

Prot-Jap-ELT1

pGEX6p-1

! M.: Arabidopsis SALK Mutant.
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Table S6. The list of main primers used in this study.
Primer name
ELT1 CDS F
ELT1 CDS R
ELT1 Promoter::LUC F
ELT1 Promoter::LUC R
ELT1::eGFP F
ELT1::eGFP R
ELT1 CRISPR/Cas9 F
ELT1 CRISPR/Cas9 R
ELT1 Expression F
ELT1 Expression R
UBQ F
UBQ R
ELT1 qPCR F1
ELT1 qPCR R1
ELT1 qPCR F2
ELT1 qPCR F2
18S F
18S R
Mas R
RMS8_26.02-F
RMS8_26.02-R
RMS8_26.04-F
RMS8_26.04-R
RMS8_26.05-F
RMS8_26.05-R
RMS8_26.07-F
RMS8_26.07-R
RMS8_26.16-F
RMS8_26.16-R
RMS8_26.42-F
RMS8_26.42-R
RMS8_26.59-F
RMS8_26.59-R
RMS8_26.88-F
RMS8_26.88-R
RMS8_26.96-F
RMS8_26.96-R
RMS8_26.97-F
RMS8_26.97-R

Sequence 5’-3’
AGATCTACTTATTTTGTGGGTTTCGGTG
GAATTCGCTCCAGGCCGGTCATG
GGTACCGAGGAAACAGCACCCGCATAC
GGATCCTGACCGGCCTGGAGCTAGC
CTCGAGCTCCACTGCTAGCTCCAG
AGATCTTTTTGTGGGTTTCGGTGTATCTCCTTC
GGCAGGCGACGACATGGTCCGGGA
AAACTCCCGGACCATGTCGTCGCC
AGATCTATGGCGGCGGCTGGTCA
GAATTCACTTATTTTGTGGGTTTCGGTG
ACCACTTCGACCGCCACTACT
ACGCCTAAGCCTGCTGGTT
CGCTGGAGGAGATGGTTG
AAGATGACGGTCAAACGTAGAA
GCGGGCGTCTACTTCCTGTG
ATCCGCCATTGGTCCACCC
CGGCTACCACATCCAAGGAA
TGTCACTACCTCCCCGTGTCA
CCGCCCCATATGCAGGAGCG
TTCAGGAGAGAGCTCTCTTCCG
GTTAGGCAGCAACAGCAACG
AGCCTAATTAATCTGTCATTAGC
AACTAATTATACAGCTTGCGG
CTTGAGTAGCATTTACCTCAACC
CAAACTTTCAGGTACAAACTTCC
TCTAACGTGGCTGCTTACGTCT
GTGTGTCGCCATTGAAATCAG
GGTGTTCTAGAACTGAAGGAAGG
TGATTGGCTGAACAATGAGAC
CGAGCGGTATGTGTTTTCGA
GCAACAACAACCATTATTGCAAC
CAGGTGCTACCGTGCTAGTA
CGTCTGCTTCCTCTAACAAGA
TGCAGGAAAAGCAAGCTCCC
GTTTTCCATGAGCTCGGTGCA
CTCTGAGATCTGGAATGACTTAG
CAATGGTGAAACACCTCAAT
TGGTGGAGCGTCCGCG
TCTCTTCTCGCCGAGCCATC

! Due to the limited space, previously described 157 genetic markers (148 SSR, three InDel and six SNP;
Bryant et al., 2011) used for GWAS and Bi-parental mapping in this study are not shown here.
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